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The past few decades have seen a new trend in robotics towards more complex hardware
systems: The classical six degrees of freedom manipulators’ dominance has been challenged
by the rise of seven degrees of freedom redundant robots. Similarly, with increased
availability of humanoid robots in academic research, roboticists have gained access
to highly dexterous platforms with multiple kinematic chains capable of undertaking
multiple tasks simultaneously. The execution of lower-priority tasks, however, are often
done in task/scenario specific fashion. Consequently, these systems are not scalable and
slight changes in the application often implies re-engineering the entire control system
and deployment which impedes the development process over time.
This thesis introduces an alternative systematic method of addressing the secondary
tasks and redundancy resolution called, context aware body regulation. Contexts consist
of one or multiple tasks, however, unlike the conventional definitions, the tasks within
a context are not rigidly defined and maintain some level of abstraction. For instance,
following a particular trajectory constitutes a concrete task while performing a Cartesian
motion with the end-effector represents an abstraction of the same task and is more
appropriate for context formulation. Furthermore, contexts are often made up of multiple
abstract tasks that collectively describe a reoccurring situation. Body regulation is an
umbrella term for a collection of schemes for addressing the robots’ redundancy when
a particular context occurs. These schemes include impedance adaptation, postural
regulation, joint space redundancy resolution, contact exploitation, etc.
By adhering to task abstractions, modularity and separation of concerns principle,
context aware body regulation offers several advantages over traditional methods. Most
notably among them are reusability, scalability and composability of contexts and body
regulation schemes. These three fundamental concerns are realized by in-depth study
and thorough mathematical analysis of contexts and regulation strategies; and are
practically implemented by a component based software architecture that complements
the theoretical aspects. Real world robotic experiments empirically validate the proposed
approach with state of the art humanoid platforms, redundant manipulators and in user
studies.
The thesis studies four contexts and several respective body regulations. Their selection
is motivated by two considerations. Firstly, these contexts present real applications and
frequently occurring situations. Secondly, they reveal important aspects and implications
of the proposed paradigm of context aware body regulation. The implementations likewise,
demonstrate reusability, scalability and composability of contexts and body regulations
when formulated at proper level.
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The findings of the thesis are applicable to any redundant manipulator and humanoid,
and allow them to be used in real world applications. The proposed methodology presents
an alternative approach for the control of robots and offers a new perspective for future
deployment of robotic solutions.
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Zusammenfassung
In den letzten Jahrzehnten gab es einen neuen Trend in der Robotik hin zu immer
komplexeren Systemen: Klassische Roboterarme mit sechs Freiheitsgraden weichen zu-
nehmend den neuen und flexibleren Manipulatoren mit sieben Gelenken. Ebenso stehen
der Forschung mit den neuartigen Humanoiden inzwischen auch hoch-redundante Ro-
boterplattformen mit mehreren kinematischen Ketten zur Verfügung. Diese überaus
flexiblen und komplexen Roboter-Kinematiken ermöglichen generell das gleichzeitige
Verfolgen mehrerer priorisierter Bewegungsaufgaben. Die Steuerung der weniger wichtigen
Aufgaben erfolgt jedoch oft anwendungsspezifisch, was die Skalierung hin zu generellen
Kontexten erschwert. Selbst kleine Änderungen in der Anwendung bewirken oft schon,
dass große Teile der Robotersteuerung überarbeitet werden müssen, was wiederum den
gesamten Entwicklungsprozess behindert.
Diese Dissertation stellt eine alternative, systematische Methode vor um die Redundanz
neuer komplexer Robotersysteme zu bewältigen und vielfältige, priorisierte Bewegungs-
aufgaben parallel zu steuern: Die so genannte Kontextsensitive Körperregulierung. Darin
bestehen Kontexte aus einer oder mehreren Bewegungsaufgaben. Anders als in konventio-
nellen Anwendungen sind die Aufgaben nicht fest definiert und beinhalten eine gewisse
Abstraktion. Beispielsweise stellt das Folgen einer bestimmten Trajektorie eine sehr
konkrete Bewegungsaufgabe dar, während die Ausführung einer Kartesischen Bewegung
mit dem Endeffektor eine Abstraktion darstellt und damit für die Kontextformulierung
besser geeignet ist. Kontexte setzen sich oft aus mehreren solcher abstrakten Aufgaben
zusammen und beschreiben kollektiv eine sich wiederholende Situation. Die vorgestell-
te Körperregulierung umfasst eine Sammlung von Schemata, welche die kinematische
Redundanz adressieren, wenn ein bestimmter Kontext auftritt. Dazu gehören Impedanz-
Adaptierung, Haltungs-Regelung, Redundanzauflösung im Gelenkwinkelraum, Ausnutzen
von Kontakten und viele mehr.
Die Kontextsensitive Körperregulierung verwendet unter anderem Aufgabenabstraktion,
-modularität und das Prinzip der verteilten Verantwortlichkeit. Dadurch ergeben sich
vielfältige Vorteile gegenüber traditionellen Methoden: Wiederverwendbarkeit, Skalier-
barkeit, sowie Komponierbarkeit von Konzepten. Diese drei fundamentalen Eigenschaften
werden in der vorliegenden Arbeit theoretisch mittels gründlicher mathematischer Analyse
aufgezeigt und praktisch mittels einer auf Komponenten basierenden Softwarearchitek-
tur realisiert. Empirische Experimente mit modernen, redundanten Manipulatoren und
Humanoiden validieren den vorgeschlagenen Ansatz in Benutzerstudien.
Beispielhaft werden dazu in dieser Dissertation konkret vier Kontexte und mehrere
Körperregulierungen behandelt. Die Auswahl ist durch zwei wesentliche Beobachtungen
motiviert: Erstens präsentieren diese Konzepte reale Anwendungen und sich regelmäßig
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wiederholende Situationen. Und zweitens offenbaren diese Konzepte wichtige Aspekte und
Implikationen des vorgestellten Paradigmas. Entsprechend demonstrieren die konkreten
Implementierungen auf grundlegende Weise Wiederverwendbarkeit, Skalierbarkeit und
Komponierbarkeit von Konzepten.
Die Ergebnisse dieser Dissertation lassen sich auf beliebige redundante Manipulatoren
oder Humanoide Roboter anwenden und befähigen diese damit zu Anwendungen in
realen Umgebungen außerhalb des Labors. Die hier vorgestellte Methode zur Regelung
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In the last couple of decades a new trend in robotic research has emerged. The classical
6-Degrees of Freedom (DoF) articulated arms’ dominance has been challenged by the rise
of 7-DoF redundant robots. Although this movement was initially occurring in academia,
with the advent of physical human robot interaction, even the industry sector has started
to adopt the new technology.
This paradigm shift is not only influenced by the number of degrees of freedom. The
new robots are often light-weighted and equipped with accurate force/torque sensors that
are integrated in their actuators, allowing them to interact with their environment or
the human counterparts1. The Physical Human Robot Interaction (pHRI) field has been
made possible thanks to these advancements in the design and production of light-weight,
torque controlled redundant robots, alongside advances in software engineering and
control.
Similarly, the humanoid robotics community was involved in advancing the state of the
art of bipedal platforms. Research groups and companies have been developing a diverse
range of humanoids and making significant progress over several decades. Special to this
thesis is the COMAN family of robots by the Italian Institute of Technology which has
gone through many iterations and upgrades resulting in COMAN+ (see figure 1.1c).
The evolution of robotic research towards redundant robots has created new challenges
and raised new research questions: A 7-DoF manipulator can position and orient its
End-Effector (EE) at any point in its reachable workspace in infinite configurations. In
general, for an n-DoF robot performing an m-dimensional task, where n > m, there are
∞(n−m) ways to perform the designated task. This property can be exploited to achieve
secondary objectives while performing the primary task. For instance, minimum effort
solution among the infinite number of possible solutions minimizes the overall actuator
torques and energy expenditure. Alternatively, it is possible to use the redundancy to
avoid obstacles or to aim for other criteria.
Similar questions need to be addressed for humanoids, however, at a much higher
level of complexity. A humanoid with multiple kinematic chains (e.g., arms, legs, waist,
neck) can undertake multiple tasks simultaneously. Consequently, the range of possible
strategies to exploit the redundancy is wider and oftentimes tertiary, quaternary and even
more objectives have to be considered. Addressing the lower order tasks in humanoids
not only includes all the standard manipulator approaches, but also many notions that
1In this work humans are not considered as part of “the surrounding environment”. The main reason
for this distinction is that interacting with humans and the environment demands vastly different




(b) Kuka LWR-4+ (c) COMAN+ and COMAN
Figure 1.1: From the prototypic Stanford arm (a) to light weighted redundant Kuka LWR-4+
(b) and to the state of the art humanoids COMAN+ (c-left) and COMAN (c-right),
the trend in modern era of robotics points towards redundant, compliant and torque
controlled robots that are capable of interacting with the environment and human
counterparts while performing multiple tasks.
are specific to legged floating-base platforms, some of which rather hard to quantify (e.g.,
human-likeness).
Different strategies and approaches to exploit the redundancy of the robots are gathered
under the umbrella term Body Regulation (BR) in this thesis. The common way of
performing body regulation is usually application and task specific. That is, given a
specific robot designated for a specific task, the BR is conducted based on such a task
considering the characteristics of the given robot. The first issue with this approach is
its scalability: the handling of secondary tasks has to be done from the scratch, should
the application change slightly or the platform replaced. Furthermore, since the body
regulation is tailored to a specific situation it cannot be reused in different scenarios,
which in turn increases the development time and cost.
1.1 Secondary Tasks Have Primary Significance 3
Figure 1.2: Critical Handling of redundancy of the robot. Without suitable body reconfiguration
the execution of the task is impossible due to collision with the vertical stand as
shown in the simulated frame. Note that both the robot and simulation perform the
same end-effector task starting from identical configurations.
As the current trends in robotics strongly favor redundant robots and humanoids
with capabilities to interact with the environment and human counterparts, the classical
mindset of (lack of systematic) body regulation can no longer serve the needs of roboti-
cists. The ability to achieve secondary objectives offers vast potential and tapping into
suitable body regulation allows roboticists and system designers to achieve goals that are
impossible, or intimidatingly difficult otherwise. Additionally, improper administration
of body regulation could potentially jeopardize the execution of primary tasks.
1.1 Secondary Tasks Have Primary Significance
While working with a humanoid or another redundant robot, three situations arise
frequently when the roboticists attempt to handle the redundancy:
1. Critical Handling: address the most critical situation such as collision avoidance.
This is often the case when the robot offers only one degree of redundancy.
2. Null Handling: not address the redundancy. In this case the robot assumes a
particular configuration depending on the setup and/or implementation.
3. Adaptive Handling: orchestrate and coordinate the execution of multiple different
secondary task. This class occurs often when dealing with humanoids. It contrasts
the Critical Handling in that there is a certain freedom and adaptivity to control
the redundancy.
Critical Handling of redundancy for body regulation is often —but not always— about
collision avoidance. In figure 1.2 for instance, the robot is reconfigured in order to avoid
4 1 Introduction
Figure 1.3: Null Handling of redundancy: Sequence of a simple implementation of steps with
naive joint space redundancy resolution for the waist is shown at the top row. Bottom:
the same walking implementation without any body regulation.
collision with the vertical bar and consequently finishes the task. Another case where
resolving the redundancy becomes critical, is when actuators’ velocity capacities are
insufficient to undertake the task. Through body regulation, it is possible to assume a
configuration with better joint-space to task-space velocity transmission factors. Alterna-
tively, the transmission ratios between the joint space torques and end-effector wrenches
can be considered as the body regulation metric. These cases are extensively studied in
the upcoming chapters. At first glance, it might seem that these situations, due to their
forced nature that often requires a single form of body regulation, cannot benefit from
the context aware body regulation methodology. However, even if there is only one way
to regulate the body, there are still good reasons to consider a more systematic process
of body regulation.
Opting for Null Handling makes the system susceptible to overlooked mathematical
subtleties, scenario parameterization, numerical errors or perhaps an unhealthy mixture
thereof. Sometimes it is easy to identify or predict the impact of these factors. Neverthe-
less, there are cases where these inconspicuous factors result in robot behaviors that are
unwanted, unexpected or detrimental to the execution of the main task. Figure 1.3 depicts
an example of the effects of such factors where the robot performs a sequence of simple
steps. Note the unnatural body posture as a consequence of leaving the redundancy
unhandled. This case is discussed in more detail later in section 4.2. This example
shows that consequences of Null Handling could be unexpected. In general, leaving the
redundancy uncontrolled should almost always be avoided, with very few exceptions (e.g.,
extremely limited computational resources) and even in those exceptional situations, the
behavior of the robot should be predictable and known in advance.
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Adaptive Handling is the most frequent case and appears often in two situations. In
the first case, there is no critical demand for body regulation and the primary task can
be achieved regardless. The redundancy is resolved by body regulation schemes that best
serves the task, or by assigning a neutral joint space configuration. In the second case, the
target platform offers several degrees or forms of redundancy, hence, the developers have
multiple options for their choice of body regulation and depending on the nature of the
primary task (e.g., walking) one or more BR among the possibilities is (are) adopted. In
the latter case, however, it is necessary to orchestrate the collaboration and coordination
of multiple secondary or tertiary tasks. Usually humanoids fall in the second category.
Despite their names, secondary or lower priority tasks are sometimes equally important
and must be handled with care. Leaving the redundancies of a robot uncontrolled, or
governing them without rigorous attention to details, at best results in unnatural or
unwanted motions and at worst could completely jeopardizes the execution of the primary
task. The dire consequences of improper handling of the redundancies, alongside the
shortcomings of traditional methods call for a novel and systematic approach for body
regulation of humanoids and redundant robots.
1.2 Context Aware Body Regulation
In computer science, context awareness is the notion that machines should sense and act
based on the environment or the context they are functioning within, and adapt their
behavior accordingly [1]. This concept was originally introduced in mobile communication
and defined criteria for a context aware agent, i.e., a context aware agent should be able
to react based on the location of use, the nearby users, host and accessible devices. While
the term context awareness has entered other disciplines, it is mostly present in computer
science and its fields such as network engineering, satellite communication, etc.
Despite the fact that robots are capable of sensing and acting (even more so than
computers in the literal meaning of those two words), the context awareness in robotics
has been barely touched. Location awareness, which complements context awareness, is
mentioned in [2]. In [3], the robots are considered in a context aware system, however,
in that work context awareness is defined in the classical computer science domain and
robots are merely actors (agents). This thesis, similarly, does not try to implement
context awareness to the full extent of the original definition. Instead, it borrows the
term and the idea of context awareness —rather loosely— from computer science to serve
its needs.
In this thesis, contexts refer to common and reoccurring situations, and are formed by
one or multiple tasks defined at suitable abstraction levels. This notion can be conveyed
through an example: following a trajectory with the tip of the right arm is a rigidly defined
task. Following a geometric path (without any timing law) with the EE of the right
arm is a less concrete definition of the first task. Performing a Cartesian task with the
end-effector of a kinematic chain is an abstraction of the task. The level of abstraction in
this formulation is dictated by the desired range of applicability of the context to different
scenarios. That is to say, contexts should present and be applicable to reoccurring
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TASK
Follow a trajectory with
the tip of the right arm of a humanoid
CONTEXT
A Cartesian motion for an arbitrary frame
attached to the body, while standing
More abstract and generic
Figure 1.4: Context are more abstract, generalized concepts that present concrete tasks. Moving
towards a less rigid definition of a task facilitates reusability of body regulations.
situations and the level of abstraction of constituting tasks control this property. Ideally,
a context should represent multiple applications of similar nature. A humanoid standing
still while maintaining its dynamic balance and performing Cartesian tasks with its
kinematic chains, is an example of a context that adheres to these conditions. In terms
of applicability, this illustrative context presents scenarios/situations like throwing an
object, a hammering task, single/bi-manual manipulation, etc. Note that the context













Figure 1.5: In the common way of solving the ‘primary task’/‘secondary tasks’, the ‘solu-
tion’/‘redundancy resolution’ often have a 1-to-1 relationship (top). On the contrary,
context aware body regulation offers an n-to-n (n can be 1 as well) alternative, thanks
to the abstract definition of context and reusability of body regulations.
Body regulation is a collective term for different schemes (see figure 1.5) to handle the
redundancy when a particular context arises. A non-exhaustive list includes schemes
such as body reconfiguration for different cost functions, stiffness adaptation, contact
exploitation, joint space redundancy resolution, etc. Body regulation not only should
take into account the tasks within the context, but it also should consider the synergies
among the tasks, hardware specifications, and possibly more contributing factors. In
the previous example, a possible BR scheme for the context is a generic stack of tasks
with robot and context specific constraints, which accepts a variety of desired Cartesian
inputs for the kinematic chains. Such stacks of tasks, are internally composed of other
more specific body regulation schemes for kinematic chains or for the whole body.
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Figure 1.6: Exemplary contexts and body regulations: each of these contexts embody multiple
potential applications and tasks. Different body regulations forming a catalog, can
be applied to different contexts. Note that ideally it should be possible to treat
individual kinematic chains of a kinematic tree (e.g., the arms of a humanoid) as a
whole robot. For instance, contact exploitation or residual redundancy resolution
should be applicable to a whole robot, or to a sequence of joints regarded as a robot
(red arrows). This concern is resolved by “kinematic chain abstraction” concept and
is detailed throughout the thesis.
Context aware body regulation consists of three major steps;
1. Context identification: Contexts should be formalized over different domains
and at different operational levels. Overtime, they construct a catalogue of different
contexts that robotic platforms will face in diverse scenarios (cf. figure 1.6).
2. Body regulation planning: In parallel, suitable body regulation schemes should
be derived and planned. Similar to the context, they form a directory of body
regulations. Note that contexts and body regulations do not form a one-to-one
relationship. Instead, a particular BR scheme can be applicable to multiple contexts
and a context can benefit from multiple body regulations simultaneously.
3. Execution and deployment: More geared towards software engineering, this
step imposes requirements for which the context aware body regulation should be
implemented, deployed and executed. This crucial step is an attempt to distance
the proposed paradigm from the tailored approaches towards a more methodical,
systematic and scalable scheme at the implementation level.
The three stages of Context Aware Body Regulation (CABR) are tightly interconnected
and complementary to each other. That is, how a context is defined directly impacts
the body regulation strategy and its deployment. Hence the granularity level of context
identification is paramount to all other steps and to the applicability of the method as a
whole. Defining the “correct” granularity level is complicated and in many disciplines has
remained a topic of debate. Therefore, rather than seeking the answer to the granularity
level question, discussed contexts are selected at different granularity levels which highlight
some features and nuances of the body regulation in the bigger picture.
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1.3 Contribution, Scope and Outline
This these makes multiple contributions. Firstly, it puts forward the notion of contexts
in terms of abstract tasks and analyzes them in the scope of realistic reoccurring robotic
situations. Secondly, several body regulations for the introduced contexts are studied,
analyzed and derived, and in the process new findings are revealed. The derived body
regulations, furthermore, are not only applicable to other contexts beyond those discussed
in the thesis, but they are also useful outside the context aware body regulation approach.
These contexts and regulation schemes are discussed in the scope of real world applications
with theoretical and empirical contributions. Additionally, by adhering to context
abstractions, and by following principles of modularity and separation of concerns in
deriving body regulation schemes, CABR offers several key features that make robotic
systems more robust and facilitate the development process. This thesis is an effort in
addressing different aspects of the proposed paradigm and revealing its features in a
reasonable scope that includes multiple contexts, body regulations, and robotic platforms.
From a larger perspective, the thesis endorses a methodical alternative to the traditional
techniques of addressing the robots’ redundancy. Furthermore, this thesis contributes
to and benefits from an accompanying component based software architecture that
practically implements these theoretical aspects.
To achieve its goals, this thesis studies four contexts. Starting from a simple setup
in chapter 2, the first context looks at the case where the robot is in contact with the
environment and is exerting some end-effector wrenches. Accordingly, the reaction forces
from the environment are applied to the robot and get dissipated through its body. This
state in which the robot and the environment are in contact and exchanging forces while
remaining in static equilibrium outlines the first context. A candidate BR for this context
is to exploit a second contact so that part of the reaction forces is absorbed through
the second contact point, thus, the overall required actuator torques are reduced. This
context also demonstrates that seemingly simple situations could have unexpected hidden
implications which body regulation studies can reveal.
Chapter 3 contains the second context aware body regulation case. Here the robot is
interacting with a human counterpart in one of the most common situations in pHRI,
i.e., co-manipulation and kinesthetic guidance. Considering human factors such as
ergonomy, the body regulation materializes as impedance adaptation to improve the
overall human comfort. This case is selected to demonstrate that human factors could be
one of the relevant aspects of context aware body regulation. Furthermore, it exhibits
the applicability of body regulations among different contexts.
Scaling up from manipulators to humanoids, chapter 4 investigates the body regulation
of humanoids. The analysis are conducted in the scope of a whole-body context where
the humanoid stands still but performs multiple tasks with its kinematic chains (this
is indeed the previously noted example). Similar to the previous cases, this context is
chosen to highlight some characteristics of the humanoids body regulation. Firstly, it
illustrate the tight relationship between CABR and the stack of tasks scheme. Secondly,
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and perhaps more importantly, it shed some light on several desirable properties of
context aware body regulation.
The body regulation for a humanoid’s whole-body is a multi-objective practice. There
is the overall posture that contributes to human-likeness of the motion. At the same
time, controlling the robot’s posture should not impede the execution of other tasks,
rather, a composed BR scheme contributes to the task execution. Furthermore, same
regulation approaches can be reused. Kinematically (in topology, not dimension), the
COMAN’s arm is not different from a Kuka LWR-4+, hence, the ability to reuse one’s
body regulation for the other is both reasonable and desirable.
Developing reliable and robust robotic solutions demands scarce resources such as
development time, expert knowledge, financial means and a wide variety of assets. Context
aware body regulation is an attempt to mediate some of these challenges, however, without
proper implementation it immediately converges to the classical approaches that it tries
to distinguish itself from them in the first place. To this end, the identification and
analysis of the contexts and body regulations are performed with the aim to maximize
the following objectives;
1. Reusability: regulation strategies should be reusable in different situations and
contexts.
2. Scalability: the definition of a context or regulation should be such that it can be
scaled to accommodate more complex situations.
3. Composability: certain regulatory approaches should be able to be aggregated
in order to form composite schemes.
These objectives which are paramount in software engineering are addressed by a
component based software architecture that complements context aware body regulation.
The details of the architecture, as well as some of its key features are presented in
chapter 5.
With the theoretical aspect in place and provided a suitable software architecture,
chapter 6 explores two comprehensive examples of humanoids context aware body
regulation. These two examples show the three aforementioned desirable features alongside
other advantages of the method. First, the whole-body standing context introduced
previously is used in a real world application with important implications for the general
public. It is then scaled up to present another context to demonstrate reusability of
body regulation among the context and highlight the effectiveness of the accompanying
component based software architecture.
Finally, the thesis is concluded with some remarks on the direction for the future
research, and certain open challenges and possible shortcomings alongside potential
solutions for them. In the final chapter, further possible context and body regulations
as well as a short discussion on the composability are put forward. Furthermore, some
thoughts regarding the steps towards [semi-]automatic body regulation are presented.
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1.4 On the Existing Literature and Background
Knowledge
It is a common convention for theses to deliver a review of the existing works in the
literature after the introduction. This thesis, however, follows a different structure
dictated by its nature. The contexts and body regulations studied throughout the
dissertation —even though seemingly irrelevant to each other— are conceptually tightly
related. However, within the existing works they are often treated as single individual
methods. Consequently, if they were to be addressed in an isolated chapter of this thesis,
they would look scattered, unfocused and out of context. Instead, a small introduction
alongside related works is provided whenever a new context is put forward. The aim is
to make a better reading experience, and at the same time by addressing the similar
approaches within the context, allowing the readers to compare them more vividly.
As for the background knowledge, similar approach is followed. The technical details
and related mathematics is provided when needed, and similar equations are revisited
if required later. In particular, the body regulation for humanoids heavily relies on the
inequality hierarchical quadratic programming and the stack of task schemes. These
notions are discussed in the containing chapter. One exception is the closely related
concepts of kinematic and dynamic manipulability of mechanisms, and the velocity and
force transmission factors. These concepts are fundamental to several body regulation
schemes. Although they are well established and roboticists are acquainted with them, a
gentle refresher is provided in the following for the sake of completeness.
1.5 A Gentle Reminder on Manipulability and
Transmission Factors
The manipulability of robotic mechanisms is a concept introduced in [4] and [5]. Since
then, it has been one of the most important assets in robotic research. Manipulability is
a quantitative measure that describes robots’ manipulating ability in positioning and
orienting their end-effectors. Although it is a relatively well discussed concept in the
literature, providing a brief explanation could facilitate the interpretation of discussions.
While carrying out a task, humans tend to articulate their arms or whole-body such
that they maximize their dexterity for that task. When writing, the elbow is at a
comfortable angle which allows generating velocities in all directions with small efforts.
Instead, when pushing on a surface, humans often fully stretch their arm towards the
direction of the push, increasing their force application capabilities. Analogous to the
robots, the arm in these examples is reconfigured to increase its manipulability.
1.5.1 Velocity Manipulability
Consider an n-DoF robot and its generalized coordinates q with q ∈ Rn, operating in
Rm Cartesian space. The Jacobian matrix, J, expresses a mapping between the joint and
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the task spaces by
ẋ = Jq̇ (1.1)
where ẋ ∈ Rm are the Cartesian velocities. The Singular Value Decomposition (SVD) [6]
of J is expressed as
J = UΣV∗,
U = [u1,u2, . . . ,um],
V = [v1,v2, . . . ,vn],









where U and V are m×m and n× n unitary matrices. Σ is an m× n diagonal matrix
with σ1 ≥ σ2 ≥ . . . ≥ σm ≥ 0. The matrix V∗ is the conjugate transpose of V (since the
Jacobian in this context contains no complex entries, the conjugate transpose reduces to
normal transpose). The columns of U and V∗ (ui,vi) are orthonormal vectors called left
and right singular vectors respectively.
The singular value decomposition of the Jacobian can be interpreted geometrically as





q̇2i ≤ 1 (1.3)
then the SVD of the Jacobian maps such a hypersphere into an ellipsoid, henceforth the
manipulability ellipsoid. This mapping can be described as
q̇T q̇ ≤ 1→ ẋT (JJT )+ẋ ≤ 1 (1.4)
where the + super-script denotes the pseudo-inverse operation. Figure 1.7 extends on
this notion further. The principle axes of this ellipsoid are defined by the singular values
and the left singular vectors of the Jacobian as σ1u1, σ2u2, . . . σmum. Figure 1.8 shows
the manipulability ellipsoid of a simplified planar robot in multiple configurations. Note
that when the Jacobian is rank deficient, the smallest singular value σm = 0 and the
ellipsoid collapses.
The dexterity can be seen from two perspectives; i) as directions w.r.t. the axes of
the ellipsoid toward which the robot has better or worse joint-space to Cartesian-space
transmission; ii) the volume of the manipulability ellipsoid. The volume describes the
manipulability as an overall scalar quantity. It is calculated according to [4] as:






(2π)m/2 · (2 · 4 · · ·m)−1, if m is even,
2(2π)(m−1)/2 · (1 · 3 · · ·m)−1, if m is odd.
(1.5)
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Figure 1.7: Mapping between the joint space and the Cartesian space velocities as a mapping
between a unit hypersphere and an ellipsoid.
Figure 1.8: Velocity (red) and force (blue) manipula-
bility ellipsoids of a simple planar robot. Note the
orthogonal nature of velocity and force transmissions
in identical configurations.





det(J) · det(JT ) = |det(J)| (1.6)
1.5.2 Force Ellipsoid
Mapping the joint velocities hypersphere to an ellipsoid can be extended to joint torques
and end-effector wrenches. With reference to equation (1.4), the force ellipsoid mapping
is described as
τTτ ≤ 1→ F T (JJT )F ≤ 1 (1.7)




where τ and F are actuator torques and end-effector generalized forces respectively.
Force ellipsoids, as seen in figure 1.8, are orthogonal to the velocity ellipsoids. Postures
or configurations that have high torque to force transmission factors, suffer from low
velocity transmission and vice versa.
This refresher ends by making two side remarks. The force manipulability discussed
here assumes instantaneous motions. To compute the full dynamic manipulability [5], [7]
it is necessary to consider the effects of inertial, centrifugal, coriolis and gravity (fictitious)
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forces. Secondly, the assumption made in 1.7 considering a unit hyper-sphere of torques,
is a conservative assumption. That is, in reality actuator torques constitute a n-polytope
and its mapping creates a m-parallelepiped [8], [9]. The polytope approach has remained
mostly theoretical since it is computationally demanding. For the purposes of CABR,
however, these assumptions introduce no shortcomings.
As a final remark, it should be mentioned that it is necessary to treat the linear and
angular parts of the Jacobian separately when using it for manipulability calculations
[10]. Alternatively when only the forces (excluding the torques, not the full wrenches) or
linear velocities are required, then the three rows of the Jacobian related to linear motion
should be used for the SVD and the following computations.
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2 Environmental Contact Context and
Its Body Regulation
Humans have a natural tendency to establish contact with their surrounding regularly
for a variety of purposes; to localize themselves, to maintain their balance, or to boost
their psychological factors when negotiating through an uncomfortable pathway. From a
mechanical point of view, all these cases are in fact the exploitation of secondary contacts
by hands since humans have one or both feet on the grounds at all times (the feet contacts
are considered as the primary/main/base contacts here).
In robotics, however, more effort has been devoted to reacting to environmental
contacts and avoiding detrimental ones than to actively utilizing contacts to enhance
robot capabilities. Therefore, secondary contacts have been exploited rarely. Consider
physical interactions of robots with inanimate objects in the environment. Three types
of contacts can be categorized, namely detrimental, neutral, and beneficial contacts.
Detrimental contacts, a.k.a. collisions, are undesired and potentially cause damage to
the robot and/or the environment. They are by far the most considered case in industrial
robotics and decades of research have been dedicated to avoid such contacts, whether
the obstacles are stationary (e.g., [12]–[14]) or moving [15]. Most of the works in this
group related to this thesis revolve around pHRI. For instance in [16], upon entrance of
the human within the robot’s workspace, the robot’s redundancy is employed to avoid
collisions while the task execution is continued as much as possible.
Neutral contacts occur in grasping [17] and manipulation [18], as well as in assembly
scenarios [19]. Common contact control schemes allow robots to exert necessary wrenches
onto objects in the environment and react to external forces. Impedance, admittance, and
hybrid control (e.g., [20]–[22]) are among the common methods of handling the neutral
contacts.
Beneficial contacts are predominantly present in the humanoids field where they are
exploited to boost the robots’ stability margin by holding on to [23], or by merely touching
the surrounding objects [24]. Outside of the humanoids field, these contact situations
have remained untouched for the most parts. To take advantage of beneficial secondary
contacts for redundant manipulators, it is necessary to have suitable body regulation
which enhances robot’s performance in desired criteria.
Using the human analogy once more, there is another motivation that drives humans
when touching their surrounding, i.e., to enhance their capability to apply forces. Fig-
The findings of this chapter are supported by [11]. Special thanks go to Daniel Kubus for his invaluable
contribution to the writing and analysis of that work.
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Figure 2.1: Humans naturally tend to exploit secondary contacts for better stability or minimized
effort when applying forces. Left: The reaction forces resulting from the end-effector
forces propagate through the entire body and generate a wrench at the ground contact.
Right: The same reaction forces at the contact location require less effort of the lower
part of the body to be compensated as part of them (green arrow) are absorbed by
the secondary contact.
ure 2.1 depicts two cases of pushing an object, once freestanding and once while leaning
on a surface. Note how part of the reaction forces are channeled to the secondary contact
point hence, the load on the ankles is reduced.
Most robots nowadays come with a dynamic model and if not, acceptable models can be
identified [25], reverse engineered [26] and improved upon [27]. As a result, the dynamic
interaction with the surrounding is feasible and new applications exploiting new robots
and leveraging on force/torque control schemes are emerging rapidly. A context that
presents the situation where the robot is in contact with the environment is motivated
similarly. Such a context encapsulates applications such as polishing and drilling. For
applications where the robot is exerting considerable amount of force on the environment
(e.g., the drilling task), one form of body regulation is through body reconfiguration to
improve joint space to Cartesian space transmission factors. Alternatively, it is possible
to exploit a second contact in the same fashion as humans do. Establishing secondary
contacts with the goal of increasing maximum applicable end-effector forces is the core
idea of body regulation for the environmental contact context.
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2.1 Problem Statement
Consider an m-DoF manipulator with the task of exerting a desired contact force f e by
its end-effector at a given pose1. The robot may establish a second contact between points
pc and pl where pc belongs to a set of contact surfaces in the workspace and pl is a point
on the surfaces of the links. The point pl splits the robot into two sub chains, namely,
Lower Kinematic Chain (LKC) and Upper Kinematic Chain (UKC) whose Jacobians
are denoted by
¯
J and J̄. The static contact between pc and pl is governed by Coulomb
friction with a known or measurable coefficient of friction µs and it is assumed that the
end-effector force lie within the friction cone.
Let τ c and τ denote the actuator forces with and without secondary contact. Assuming
a static equilibrium, smooth contact surfaces which can locally be approximated by planes,
and negligible elasticity at the contact point, the actuator torques in both cases can be





Note that the 2-norm in (2.1) is ill-defined for joints of mixed type as it was shown in
[28], hence tailored norms have to be used if the mechanism has prismatic joint.
Considering identical configurations with and without the second contact, it would
be tempting to assume that 0 < rΦ ≤ 1 holds. That is, with contact the performance is
better, or at worst the same as no contact situation. However, throughout this chapter
it is revealed, both mathematically and empirically, that based on the configuration
and physical and geometric characteristics of the contact, it is indeed possible to face
situations where rΦ  1. In this thesis, these counter intuitive secondary contacts are
labeled as disadvantageous contacts.
2.2 Forces Acting on the Robot
In the following section the propagation of forces through the partial kinematic chains,
the forces at the secondary contact, and the actuator forces
¯
τc of the LKC required to
balance static forces for a general environment contact without the secondary contact are
compared. Lastly, disadvantageous secondary contacts are illustrated and quantitative
expressions as well as bounds for the resulting actuator forces are derived.
2.2.1 Forces at the Secondary Contact
At a single end-effector contact, reaction forces f r resulting from the robot’s wrenches
propagate through the kinematic chain from the end-effector to the base. Therefore, f r
occurs at each link all the way to the base. That is to say, any partial chain consisting of
joints ‘0 to j’ (denoted by 0•j) is generating equivalent force:




· 0τ j = f r. (2.2)
1fe is in fact a “generalized force” or in this case a wrench. Instead of “generalized actuator forces and
torques” the term “actuator forces” is used for brevity.
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Equation (2.2) implies that every virtual kinematic chain has to exert a counter-force
f e compensating f r at each virtual end-effector. Let f e = −f r denote the force to
be provided at the corresponding virtual end-effector to keep the robot at equilibrium.
Consider also a workspace surface that is defined by a normal vector n̂, and is in rigid
point contact with some link i (0 < i < m+ 1) of the robot. Figure 2.2 demonstrates
forces and their orthogonal components at the point of secondary contact.
Having established the secondary contact while ensuring a static equilibrium, f r
propagating through the UKC is exerted on to the contact surface. Now take the force
f c which has to be provided by LKC to compensate the effect of f r. Since the robot is
in equilibrium, the fo component of f r orthogonal to the surface is fully absorbed by the
second contact. Therefore, f c is the counter-force to the vector sum of the projection
of f r on to the contact surface (fp) and the static friction force ffr which opposes fp.
Finally, comparing to the no-contact case (recall f e = −f r), f c instead of f e has to be
provided at each link of the LKC while f e has to be provided at each link of the UKC,
that is to say, the force balance is not disturbed by the secondary contact.
The projection of f r on to the contact plane specified by n̂ is given by






where f̂p = fp
∥∥∥fp∥∥∥−1, and ‘〈•, •〉’ and ‘×’ denote the dot and the cross products
respectively. Assuming a Coulomb friction mode, the magnitude of the friction force
due to f r is given its projection on to the contact surface denoted by the normal vector
n̂, scaled by the friction coefficient µs. Direction of this force opposes that of fp. The
friction force can be written as ffr = −µs 〈f r, n̂〉 f̂p and the total static force to be
compensated, namely f c, amounts to








− µs 〈f r, n̂〉
]
f̂p. (2.5)
The force f c determines the required generalized actuator forces (i.e., torques for an only
revolute joint robot) in the lower kinematic chain with secondary contact. This can be
compared to the case without secondary contact which quantifies the ratio between the
two cases, therefore, bounds on the required actuator forces can be derived.
2.2.2 Actuator Forces with and without Secondary Contact
Consider the endormorphism φ : T → T from and to the vector space T = col(JT ) of
actuator forces, where col(•) denotes the column space of a matrix. The endormorphism
φ relates the static actuator forces
¯
τ required without secondary contact to those
¯
τ c
required with secondary contact (recall that
¯
τ are actuator forces of the LKC). The
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Figure 2.2: Sketch of a planar secondary contact and acting forces. Link i of the LKC (darker
ellipse) exerts the force fr onto the contact surface. In the non-contact case, fe has
to be provided by the LKC to compensate fr. fp denotes the orthogonal projection
of fr onto the contact surface. ffr denotes the opposing static friction force and
f c the force to be provided by the LKC after establishing the secondary contact. n̂
indicates the surface normal of the contact surface and α the angle between fe and
the contact plane.
where P⊥ denotes the orthogonal projection of the force f e on to the contact surface.
The mapping Γ represent the relationship between projected forces at the secondary
contact and the required compensation forces. This mapping is quantified later in this
section.
The endormorphism φ can be written as the following matrix product:
Φ = JTΓP⊥J+T . (2.7)
The orthogonal projection on to n̂ is defined by projection matrix
P‖ = n̂n̂T , (2.8)
and the projection on to the contact plane orthogonal to n̂ is given by
P⊥ = I− n̂n̂T . (2.9)
Assuming isotropic friction[29] characteristics2 at the contact point, Γ can be expressed
by a scalar parameter γ as Γ = γI. Considering f e = −f r and using (2.3) and (2.6),
2A side remark on isotropic friction assumption: while considering an anisotropic friction model seems
more comprehensive, in reality there are two reason to opt for isotropic alternative. Firstly, neglecting
the imperfections on the contact surface, the materials that a robot could potentially touch are often
isotropic such as hard metals. Furthermore anisotropic materials such as wood often have elasticity
that cannot be neglected. Secondly, isotropic friction provides certain mathematical conveniences
which are exploited here without loss of generality.
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f c = ΓP⊥f e. (2.11)
Using (2.5) and (2.10) the following can be deduced












P⊥f e = (1− µs sin(α)cos(α)
)
P⊥f e,
where α is the angle of attack according to figure 2.2. Hence








 I = (1− µs sin(α)cos(α)
)
I. (2.13)
Equation (2.13) expresses a diagonal matrix scaled by a factor γ = 1− µs tan(α).
For any µs > (cos(α) sin(α))−1 the magnitude of the static friction force ffr =
−µs 〈f r, n̂〉 f̂p opposing fp would exceed fp itself. This in fact means for any µs >
(cos(α) sin(α))−1, f e lies inside the friction cone, thus, the static friction force ffr fully
compensates fp —hence f c = 0 holds. However, in this case γ is physically ill-defined.
To address this issue γ and Γ are modified to consider this physical limit:
γ =
{
1− µs tan(α) µs ≤ (cos(α) sin(α))−1
0 µs > (cos(α) sin(α))−1.
(2.14)
Note that the non-standard condition µs > (cos(α) sin(α))−1 results from consideration
of α as the angle between the contact plane and the applied force. Utilizing (2.9) the
linear map Φ relating the actuator forces of the LKC in case of no secondary contact to
those in case of a secondary contact can be written as
Φ = γJTP⊥J+T (2.15)
= γI− γ JT n̂n̂TJ+T︸ ︷︷ ︸
Θ
(2.16)
= γ (I−Θ) . (2.17)





τ c = Φ¯




τ ) . (2.18)
Denote
¯
τ ′ = Θ
¯
τ from (2.18). The torques
¯
τ ′ can be expressed in terms of the left and
right singular vectors, and the singular values of the Jacobian, as shown in (2.27). The
derivation of
¯
τ ′ is presented from equation (2.19) to (2.27) in the following:
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Let J = UΣVT denote the SVD of the Jacobian, let û• and v̂• denote the left and the
right singular vectors respectively, and take n as the dimension of the task space hence
the number of rows of J. Hence,
JT = VΣTUT , (2.19)
J+T = UΣ+TVT . (2.20)
Using orthogonality of the singular vectors J+T
¯



















τ , v̂i〉 ûi, (2.22)









τ , v̂i〉 〈n̂, ûi〉 n̂. (2.23)
Writing n̂ in terms of ui, i ∈ {1, ..., n}, i.e., n̂ =
∑n







τ , v̂i〉 〈n̂, ûi〉
n∑
j=1
〈n̂, ûj〉 ûj . (2.24)
With JT from (2.19) and Θ from (2.15), Θ
¯
τ is deduced as
Θ
¯





















τ , v̂i〉 〈n̂, ûi〉 〈n̂, ûj〉 v̂j . (2.27)
Putting (2.18) and (2.27) together the required actuator forces with secondary contact,
namely
¯
τ c, can be related to those forces ¯
τ c without secondary contact
¯












τ , v̂i〉 〈n̂, ûi〉 〈n̂, ûj〉 v̂j
 . (2.28)
In (2.28), the dependency of
¯
τ c on the singular values σ• of J and hence the configuration
of the LKC as well as on the contact geometry and friction characteristics given by n̂ and
γ becomes apparent. Equation (2.28) constitutes the foundation for selecting optimal
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environment contacts in terms of actuator force reduction. It can be exploited in an
optimization problem as the cost function to find best contact strategy.
Given the geometric and physical characteristics of the secondary contact point, the
body regulation in this context can be derived by exploiting these findings with the goal
to minimize the overall actuator forces. Comparing this form of BR to the non-systematic
approaches, it becomes apparent that at best, part of the robot’s potential is remained
unused, however, at worst choosing a secondary contact point naively, could have negative
consequences. That is, choosing an improper second contact, the actuator torques in some
case can in fact increase. Such improper contacts are called disadvantageous secondary
contacts and are detailed in the following.
2.2.3 Disadvantageous Secondary Contacts








This circumstance constitutes secondary contacts that indeed result in higher actuator
forces compared to identical configuration but without a secondary contact. The condition
for which the (2.29) holds can be derived based on the Eigendecomposition of the Gram
matrix G = JJT .
Letting
¯
τ = ‖τ‖ v̂i0 coincide with the right singular vector v̂i0 in (2.27) yields
¯









〈v̂i0 , v̂i〉 〈n̂, ûi〉 〈n̂, ûj〉 v̂j . (2.30)
If the contact surface is selected such that n̂ is any linear combination of two singular
vectors (n̂ = − sin(α)ûi0 + cos(α)ûj0), by substituting the expression of n̂ into (2.30)
and exploiting the orthogonality properties of the singular vectors û• and v̂•, only two
contributions in the sums do not vanish, that are, i = i0, j ∈ {i0, j0}. Accordingly ¯
τ ′ in
(2.27) can be expressed as
¯




− sin(α)v̂i0 + cos(α)σ−1i0 σj0 v̂j0
]
. (2.31)
Regarding Φ from (2.15) and (2.16), and its derived form from (2.28),
¯
















τ c‖ = γ
√[
1− sin2(α)
]2 + [sin(α) cos(α)σ−1i0 σj0]2 ‖¯τ‖ . (2.33)









1− cos2(α) [cos(α)− µs sin(α)]2
sin2(α) [cos(α)− µs sin(α)]2
. (2.34)




















µ = 0.1 µ = 0.2 µ = 0.3 µ = 0.4 µ = 0.5
Figure 2.3: Ratios of singular values of J for which ‖τ c‖2 = ‖τ‖2 holds over contact angle
α ∈ [0, . . . , π4 ]. The higher µs, the higher is the required ratio of the eigenvalues for
the secondary contact to become disadvantageous.
Inequality (2.34) defines the condition for which a secondary contact becomes disadvan-




i = σjσ−1i of eigenvalues of G,
i.e., singular values σ• of ¯





τ‖2. Ratios are shown over α ∈ [0, . . . , π4 ]
for different friction coefficients µs. Depending on µs and α, the secondary contact can






2.2.4 Bounds on the Actuator Force Ratios
Among the goals of CABR is the ability to systematically assess the quality of body
regulation in a well defined context before committing to the said regulatory scheme. To
this end, it is helpful to estimate the bounds of the torque ratios if the robot establishes
the second contact.








τ ′ from (2.27) once again, a general condition on the torque
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Orthonormality of the left and right singular vectors from SVD gives ‖n̂‖ = ‖û•‖ = 1.
Furthermore, ∑ni=1 〈n̂, ûi〉2 = 1 holds for the norm of the projections of n̂ along the ûi;
same applies to 〈ˆ
¯
τ , v̂i〉. Substitute 〈n̂, û•〉 by ν• and 〈¯
τ̂ , v̂•〉 by δ• in r2Θ, bearing in mind














It is safe to assume that singular vectors σ• are strictly fixed (since the configuration
is remained unchanged) and monotonically decreasing (properties of SVD), i.e., σ1 ≥
σ2 ≥ . . . ≥ σn. In this case, the upper bound can be shown to depend only on σ1 and
σn, hence δi, νi = 0 ∀i ∈ {2, . . . , n− 1}. Furthermore, ν1 = νn = 1√2 can be inferred.
Substituting δn =
√
1− δ21 finally gives (2.40) and algebraic solution of the resulting
expression define the bounds on rΘ in (2.41). In a hypothetical isotropic SVD case
[31], i.e., σ1 = σ2 = . . . = σn, actuator force transmission is identical in all task-space

























Considering the entire map φ, using the ratio rΦ (cf. (2.1)) and exploiting the triangle
inequality for vector spaces (e.g., [32])
∃rΦ : rΦ ≥ γ(rΘmax − 1),@rΦ : rΦ ≥ γ(rΘmax + 1). (2.42)
If f r is fully absorbed by the environment contact, no actuator force is required and
hence rΦ ≥ 0. Therefore,












γ ∈ [0, 1] depends on the contact angle α and the friction coefficient µs whereas σ1 and σn
depend solely on the configuration of the LKC. When the LKC approaches a singularity,
rΘmax and consequently rΦ tends to infinity. That is to say, the closer the LKC is to a
singularity, the more disadvantageous a secondary contact can become.
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(a) (b)
(c) (d)
Figure 2.4: EE forces fe, resulting
reaction forces fr at link i with and
without secondary contact as well as
total norm ‖τ‖ of actuator torques.
(a): Disadvantageous secondary con-
tact. More torque than in (b) is
required when establishing the sec-
ondary contact. Exerting fc in the
direction of the contact surface re-
quires higher ‖τ‖ than exerting fe in
the direction opposing the reaction
force fr. This increase in torques is
due to the significantly lower force
transmission factor of LKC in the di-
rection of f c compared to that in the
direction of fe as indicated by the
force ellipsoid. (c): Advantageous
secondary contact. Applying f c re-
quires lower ‖τ‖ than exerting fe in
the non-contact case (d). Here, the
decrease in ‖τ‖ is not only due to
part of the reaction force fr being ab-
sorbed by the environment but also
by an improved force transmission
factor.
2.3 Discussion of the Analysis
By providing intuitive example alongside some discussion, the major findings of the
previous section can be put into perspective.
2.3.1 Interpretation in Terms of Force Transmission Factors
Recall from section 1.5 that the singular values of the Jacobian can be interpreted as
velocity transmission factors from configuration space to task space along the direction
of their associated singular vectors. Likewise, their inverses can be regarded as force
transmission factors [33]. To ensure dimensional consistency of the transmission factor [28],
only revolute joints and pure forces are considered in the discussion.
Employing a secondary contact scales and projects the force f r exerted by the lower
partial chain onto the contact surface changing its direction and scaling its magnitude. If
the force f r required without secondary contact points along a task-space direction of
high force transmission but the force f c in case of the secondary contact points along
a direction of significantly lower force transmission, the necessary actuator forces will
increase and the contact may become disadvantageous depending on the ratio of the
involved singular values and the contact’s physical and geometric properties. Figure. 2.4
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illustrates this observation by showing the changes in the required actuator forces for an
advantageous and a disadvantageous secondary contact.
2.3.2 Contact Location and Redundancy
In order to select the secondary contact reasonably in terms of actuator force reduction,
the position and orientation of the secondary contact surface as well as the exploitation
of potential kinematic redundancy in the lower partial chain of the manipulator are
essential.
Secondary contacts closer to the end-effector allow EE contact forces to be absorbed
into the environment at links with higher indices, thus, potentially resulting in a greater
overall actuator force reduction as more joints benefit from the secondary contact.
As the force applied at the secondary contact is ideally independent of the configuration
of the lower partial chain, its potential redundancy can be employed to reduce the required
actuator forces by moving it into a configuration with a more favorable force transmission
factor in the direction of f c. In this case, Φ (cf. (2.7)) must be modified by considering
the original and altered configurations q0 and q1 which results in
Φ′ = JT (q1)ΓP⊥J
+T (q0). (2.44)
2.3.3 Gravity
Let τ g denote the actuator forces required to compensate gravity. Gravity has not been
considered in the preceding sections for two reasons:
1. Secondary contacts only affect the actuator forces τ g if the angle β = ^(n̂, g)
between the normal vector n̂ of the secondary contact surface and the gravity
vector g, is below β = π2 , and f r has a component in the direction of the contact
surface, i.e., ^(n̂,f r) < π2 . Regarding the bounds derived in the previous sections,
by reversing the direction of the EE force, this can always be assured.
2. Changes in τ g due to the secondary contact solely depend on the configuration q̄
of the upper partial chain but not on the applied EE forces and associated actuator
forces. Only the actuator forces τ g of the joints of the lower partial chain can be
affected by the secondary contact. Assuming β < π2 , the actuator forces τ g of the
LKC are reduced as gravitational forces acting on the link which establishes the
secondary contact and the proximal links are partially absorbed by the secondary
contact, hence, they do not have to be compensated by the joints of the LKC.
Gravity can be considered in
¯
τ c (cf. (2.28)) by
¯
τ c = Φ¯






fg(q̄) denotes the configuration-dependent gravitational force acting at the secondary
contact due to the link masses of the upper partial chain and P‖ denotes the orthogonal
projection on to n̂. Note that fg(q̄) depends only on the configuration of the upper
partial chain while J depends only on the configuration of the lower chain.
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2.3.4 Compliant Environment Contact
Throughout the analysis of the body regulation in secondary contact context, static
end-effector and support contacts were assumed. In the case of non-negligible environment
compliance, the resulting static configuration of the lower partial chain with and without
support contact cannot be considered roughly identical any longer. As the Jacobian of
the lower partial chain J(q) is a continuous mapping in
¯
q, small changes in
¯
q due to
contact compliance will not significantly alter the singular values and vectors of J(q) and
consequently the required actuator forces
¯
τ c —unless, q is close to a singular configuration.
Changes in the singular values σ• due to contact compliance can be considered in (2.44),
by selecting q1 to reflect the configuration change due to contact compliance.
2.4 Empirical Evaluation
To validate the mathematical analysis and their subsequent interpretations in the previous
sections, empirical evaluations based on these findings were performed. These experiments
were devised not only to validate the analysis, but also to entertain the notion of context
aware body regulation and its implications in a realistic setup.
The experiment studies three cases of secondary contacts with identical robot con-
figuration, namely, no contact; advantageous contact; and disadvantageous contact.
A redundant 7-DoF Kuka LWR-4+ robot is employed, which exerts a force of up to
f e = 120N on to a sufficiently rigid surface with its end-effector. The surface of the EE
in contact with the environment is small enough to be approximated by a point contact.
The secondary contact to a planar aluminum surface (µs,1 ≈ 0.10− 0.13) is established
on link 3. A 6-axis external force/torque sensor measures the exerted forces. The setup
is depicted in figure 2.5.
Note the configuration of the lower chain and the pose of the contacts. This observation
reinforces the argument regarding the force transmission ratio and how it is an indicator of
secondary contacts qualities. The bottom right panel of figure 2.5, shows an advantageous
contact as it absorbs almost all the reaction force, whereas the top image demonstrates a
disadvantageous contact since it deflects the direction of the force to be compensated
into a direction of lower force transmission of LKC. Indeed, the same high transmission
ratio results in a disadvantageous contact if the singular vectors are not suitably oriented
w.r.t. to the contact surface.
Figure. 2.6 shows recorded data from the robot and the mounted external sensor.
These results empirically validate the provided mathematical analysis and proves that
the intuitive assumption that every contact is at worst neutral, does not hold (in the
environmental contact situations at least).
2.5 Conclusion
One of the goals of the thesis is deriving body regulation schemes that are usable
standalone outside the CABR approach. The analysis and the results provided in this
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Figure 2.5: Left: Experimental setup with the robot equipped with an external force torque sensor
exerting EE force. Right: Same robot configuration with advantageous (bottom) and
disadvantageous (top) secondary contacts at the third link.
chapter can be studied from two distinct point of views accordingly. Firstly, the derived
body regulation can be used in an optimization problem by exploiting (2.28) to find the
best configuration in a secondary contact situation. Furthermore, the analysis of the
bounds on the actuator torques provides the estimated gain for different contact surfaces.
Secondly, these findings can be studied in the scope of the CABR.
As new applications with environment interactions emerge, the tendency towards
establishing secondary contacts gets sharper as it offers new possibilities. With reference
to the three phases outlined in section 1.2, actions like leaning and touching indicate a
context and the mathematical analysis of this chapter outlines a suitable body regulation
for such a context. The execution and deployment mechanisms that were used for the
experimental evaluations are extensively discussed in chapter 5.
The mathematical analysis of this chapter also revealed an interesting phenomenon
that was not visible at first sight. I.e., the body regulation analysis disproved the intuitive
belief that any secondary contact which absorbs forces will also reduce required actuator
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Figure 2.6: The two top figures compare time
series of the applied actuator torques with no
contact against an advantageous one. While the
manipulator achieves the task in both cases, it
requires considerably less torque when exploiting
an advantageous secondary contact. In the non-
contact case, three joints significantly contribute
to the end-effector force, whereas in the contact
case, joint 4 prominently provides the required
torque.
The bottom figure depicts the norm of actuator
torques and EE forces of three identical configu-
rations with no contact as well as advantageous
and disadvantageous contacts. The robot tracks
a force ramp and exerts identical forces of up
to ‖fe‖ = 120N in all three cases. These re-
sults, validated by an external sensor, clearly
demonstrate that choosing an unfavorable con-
tact could cause up to nearly 100% increase in
total actuator torques compared to an advanta-
geous contact (red and yellow lines).
forces. This fact highlights further the importance of systematic study of secondary tasks
and proves that dedicating time and effort in BR planning pays off.
The experimental results demonstrated that when secondary contacts are permissible,
their exploitation should be considered to increase applicable forces, conserve energy,
reduce tear and wear of the drives, and stabilize the robot. The results also suggest that
establishing secondary contact in real applications is feasible and consequential to the
execution of demanding tasks. Contact exploitation is also beneficial for the robots by
extending their life span as their actuators are not saturated to their limits.
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3 Impedance Adaptation as Body
Regulation in pHRI Context
Among the defining properties of a context is the frequency at which it appears. That is,
context should present reoccurring situations and not specific tasks or applications. With
that in mind, one of the most reoccurring situations in robotics that suggests a context,
is compliant interactions with humans. Although quite reoccurring, this definition does
not necessarily fit into a clear frame. With finer granularity, consider a context where a
robot and a human are in a kinesthetic-like interaction, performing collaborative tasks
together. A common example is welding or application of sealant where the robot carries
the load of the equipment while the human performs the complex manipulation task.
This definition of the context complies with the abstraction criterion mentioned in the
introduction. That is, a context is not a rigid task, rather, it conforms to a variety of
contextually related situations.
In their classical setting, industrial robots have been isolated from humans by cages,
light curtains, guards and other safety margins. With the advancements in hardware
and control, however, new tendencies have emerge that point towards shared workspaces
between humans and robots. In terms of hardware, new compliant platforms are capable of
measuring interaction forces and torques more precisely. As for the controllers, impedance
[20], [35], [36], admittance [37], and hybrid [38] controllers allow the robots to interact
with their surroundings by measuring and controlling the interaction forces [39].
The progress in these fields lowered the barriers separating humans from robots and
allowed humans to enter into robots’ workspaces. Over the past two decades humans
have been getting to a closer and closer proximity of the robots, leading to the important
research field of physical human robot interaction. Interaction with humans has an extra
critical requirement, and that is the humans’ safety must be guaranteed. The safety
problem can be viewed from two complementary perspectives, namely detecting human
presence and reacting to that [40], [41].
Hence the significance of this context can be described as follows. Human-robot
cooperation brings advantages regarding reduced programming time and cost, as well
as facilitating tasks that otherwise would be too complicated to be programmed. On
the less technical side, pHRI has also improved the image of robotic research in the eyes
of the layperson, even if ever so slightly: robots are not here to steal occupations, but
to help humans carrying out their arduous jobs. But perhaps above all, pHRI has the
The findings of this chapter are supported by multiple publications, most notably [34]. Special thanks
go to Dr. Sugeeth Gopinathan for his contribution to the writing, conducting presented user study
and the data analysis of those works.
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potential of improving working conditions in the factories by creating systems that take
into consideration the ergonomics, comfort and physical health of the workers. Such a
goal can be achieved by considering human factors in industrial settings and assembly
lines [42], by orienting work-pieces towards more comfortable human postures in welding
scenarios [43], or by adapting the impedance characteristics of the robot, hence reducing
the overall workers’ effort [44]. By considering both the task and the human parameters,
the body regulation for this context is outlined and planned in order to reduce the users’
fatigue and consequently improve the task execution quality.
This form of BR is implemented as stiffness adaptation of the robot based on the
human’s arms manipulability (cf. figure 3.1). Three manipulability based stiffness
adaptation schemes for a Kuka LWR-4+ robot were devised. Each of the strategies
attempt to approach ergonomics from a different angle. The three strategies are compared
against each other along side a constant stiffness (Null Handling) adaptation as the
baseline. To better evaluate the quality of BR in the rather delicate matter of human
factors and ergonomics, the outcomes are validated in a user study consisting of 40
participants of varying expertise on two tasks with distinct interaction characteristics.
3.1 Adaptation Strategies
The design and implementation of the three stiffness adaptation strategies are motivated
by two hypotheses:
H1. When the manipulability of the human arm is below a certain threshold, the task
accuracy will decrease, hence the user needs more assistance.
H2. When the manipulability is high the human has more control over the task and the
robot can be less stiff.
In essence, the robot’s Cartesian stiffness is adjusted based on the manipulability measures
of the human counterpart’s arm. This section continues by presenting such adaptation
mechanisms, their mathematical details, and what they offer to humans’ ergonomics.
3.1.1 Scalar Adaptation
Perhaps the simplest, scalar adaptation (MANIP) sets the stiffness of the robot in all
Cartesian directions equally. The manipulability of the human arm, v =
√
det(JJT )−1,






· v + kmax (3.1)
where kmin, kmax are robot dependent minimum and maximum nominal stiffness. For
the Kuka LWR-IV+ (see figure 3.3a) as an example, (kmin, kmax) are (10, 5000N/m)
and (0.7, 300Nm/rad) in translation and rotational spaces respectively. The values
of (mmin,mmax) are estimated minimum and maximum manipulability of the human
counterpart obtained during an initial warm-up phase as described in figure 3.2.
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Figure 3.1: Modeling the human arm similar to a robot, it is possible to apply the same manipu-
lability measure to it. Human arm is indeed vastly more complex in its biomechanics
and dexterity, however, modeling it in this simple manner allows the administration
of well established robotic techniques to it.
3.1.2 Directional Adaptation
Directional adaptation (XYZ) attempts to modify the stiffness by taking into consideration
the principle axes of manipulability ellipsoid. The lengths of the manipulability ellipsoid






In (3.2), U and Σ are the left singular vectors and singular values of the Jacobian (recall
equation (1.2), page 11), and “diag” represent a vector consisting of the diagonal elements
of the argument matrix.
3.1.3 Force Transmission Adaptation
Force transmission adaptation (FT) acts similar to the previous scheme, however, instead
of considering the velocity transmission capabilities it considers the users’ force transmis-
sion factors. Recall the omnidirectional mapping between the actuator generalized forces
and Cartesian wrenches as
τTτ ≤ 1→ F T (JJT )F ≤ 1. (1.7 revisited)
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Figure 3.2: Calibration for each user base on the inverse normal distribution. The red line
represents the manipulability distribution and the black lines represents the stiffness
adaptation scheme gains. Using this data gathered during a warm-up phase, the
manipulability at inverse normal probability distribution of 98% is chosen empirically
as the manipulability limits.
This equation regards all the possible Cartesian generalized forces. To measure the force
generation capabilities, namely ‘ft’, towards a specific Cartesian direction ν, from the










Force transmission adaptation exploits (3.3) similar to scalar adaptation while considering






· ft+ kmin. (3.4)
Similarly, ftmin and ftmax are the human counterparts’ capabilities to generate forces in
different directions. They are collected similar to mmin/max according to figure 3.2.
3.1.4 On Adaptation Strategies as Body Regulation Schemes
The rational for the scalar adaptation is that as the users’ dexterity deteriorate (v
converges to 0), their comfort, and therefore the task execution performance reduces. By
adapting based on v an overall comfort level is provided to the user. This measure on the
other hand, is rather naive as it does not take into account directions toward which the
user suffers from low manipulability and treats them all equally. Directional adaptation is
designed to overcome this shortcoming by adapting the stiffness anisotropically in different
directions based on the users’ manipulability ellipsoid. Force transmission adaptation
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considers the force factors (instead of velocities) of the user in a similar fashion and in
addition, it takes into account the kinematics of the task via the vector ν.
These strategies and hypotheses are evaluated empirically by conducting a user study
and recording the performance of participants during execution of two tasks while the
robot employed these adaptation schemes. Apart from these three adaptations, a constant
stiffness (CONST) strategy was employed as the baseline. This scheme is in fact akin to
the Null Handling body regulation.
3.2 User Study
The body regulation in this particular context has a hybrid nature that tries to accom-
modate the user comfort and simultaneously improve the task execution. While the
implemented BR schemes can be easily evaluated for the task, the human aspects are not
as easily measurable. Hence, a user study was designed to investigate the BR performance
regarding the human factors, in both quantitative and qualitative aspects.
3.2.1 Study Design and Ethic Statement
The user study consisted of 40 participants. A within-subject design was used for
comparing four control modes, where each participant interacts with the robot using all
the four control modes. To prevent sequencing effects such as tiring or learning effects,
the order of control modes were randomized for each user independently. The qualitative
and quantitative performances of the participants were gathered through questioners and
by the recorded robot and sensor data respectively.
The participants in the study were acquired through snowball sampling [45], following
an initial advertisement. The ethics committee of the Bielefeld University approved the
study as being ethically innocuous. All participants gave their written informed consent
in accordance with Declaration of Helsinki.
3.2.2 Setup
The experimental setup is depicted in figure 3.3. A 7-DoF Kuka LWR-4+ equipped
with a 6-axis force/torque sensor mounted at its end-effector was used as the platform.
The robot is an active compliant robot and its built-in Cartesian impedance control was
employed for the user study.
The manipulability of the users’ arm was estimated by measuring their physical
characteristics (height, and upper arm and forearm lengths) and assigning a 4-DoF
virtual manipulator to it as depicted in figure 3.3a. Indeed an adequate representation of
the human arm requires more degrees of freedom, however, considering i) the evaluation
measures, ii) using only the linear part of the Jacobian, and iii) the nature of interactions
and collaborative tasks, the naive 4-DoF model sufficed for the purposes of the user study.






(a) Experimental setup of the user study: The user’s arm was modeled as a 4-DoF shoulder-elbow
manipulator with link lengths l1 and l2 which were measured before the task phase. Reflective markers
attached to the shoulder, elbow, and wrist were tracked by a tracking system and the Jacobian of the
arm was computed in terms of the human arm configuration [θ1, θ2, θ3, θ4]. Afterwards, the SVD of
the Jacobian was used to govern the stiffness of the robot according to the three stiffness adaptation
schemes outlined in section 3.1.
(b) Contour tracking task (c) Peg in the hole task
Figure 3.3: Experimental setup for the user study and designated tasks
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The configuration of the virtual robot was estimated by attaching reflective markers to
the user’s shoulder and wrist and tracking their motions1.
3.2.3 Execution
The interaction stage for each user consisted of three phases;
Warm-up phase: In this phase, the participants were asked to interact with the robot
by holding its end-effector and moving it along the inner contour of a car door. This phase
served two purposes. Firstly, it aimed at familiarizing the participants with the nature of
interaction with robot and kinesthetic guidance, and help them to gain confidence for
such tasks. Secondly, —and more importantly— it functioned as calibration phase based
on the user specific parameters as follows.
Recall the users’ manipulability limitsmmin/max from (3.2) and their force transmission
ratio limits ftmin/max from (3.4). While it is possible to calculate these values analytically
from the users’ physical measurements, the data was gathered based on the warm-up
phase interactions. The rational is that each user works with the robot with certain
individuality. One user might fully stretch their arm to reach a far point while another
user may lean to reach there. By calibrating based on the warm-up data rather than
analytically, some of these nuances are incorporated in the BR, even if ever so slightly.
Once the interactive partners’ data during the warm-up phase was gathered, a relative
frequency histogram for the manipulability and the corresponding normal distribution was
computed. As shown in figure 3.2, the manipulability at inverse normal probability distri-
bution of 98% was chosen as the manipulability limits empirically. The parameterization
of force transmission ratio limits were done in a similar manner.
Contour following task: The first task was a contour following task where the user
were asked to maintain the contact with the work piece throughout the task and had to
care for the accuracy. This task requires high concentration and is physically demanding.
This is a reoccurring task in industrial setups, for instance, applying a sealant or adhesive
to an automobile part. With reference to figure 3.3b, the users were asked to move the
robots’ end-effector accurately along the black rubber, maintaining a light yet constant
contact to the car body. This task was designed to have areas of varying manipulability
in order to properly investigate the performance of the body regulation.
Peg in the hole task: In this assignment, the users were asked to perform a task
similar to a non-continuous riveting task on the car body (cf. figure 3.3c). There are 10
drill holes in the door profile and users were required to approach them in an specific
order. This task demanded the users’ concentration toward the end of each goal.
1For the user study a 12-camera system by OptiTrack was used, although, the method itself is applicable
without any specificity towards a particular hardware. It is even possible to use RGB cameras and
track checker patterns in a similar fashion.
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3.3 Empirical Evaluation
3.3.1 Evaluation Measures
Qualitative measures: The participants had four trials and after each interaction with
the robot, they were asked to fill in the corresponding questionnaire. The questionnaire
rated users’ experience concerning controllability and reliability of the robot, user satis-
faction and how enjoyable the task was during each trial. These criteria were selected
from the sub-scales perceived ease of use, perceived enjoyment, and perception of external
control from the Technology Acceptance Model [46], supplemented with items from the
sub-scales reliability and system satisfaction [47]. The users were also queried about
previous experiences with robots and other interactions with advanced technologies.
Quantitative measures: Using the robot and the tracking system feedback, alongside
the interaction forces registered by the external sensor, five performance criteria were
defined;
1. Time of completion: The time required to move the end-effector from the starting
to the end point.
2. Arch-Length: The total length traversed while moving along the given trajectory.
This measure is related to the accuracy in task completion: Larger arc length
means that the user had more deviation from the intended path. The arc length is
calculated as ∑i=ni=1 √∆x2i + ∆y2i + ∆z2i .
3. Procrustes analysis: Procrustes is a rigid shape analysis that uses isomorphic scaling,
translation and rotation to find the best fit between two or more landmarked shapes.
It quantifies the similarities between the target path and the user’s execution of it.
4. Trajectory smoothness: The smoothness of the traversed trajectory is measured
by the number of peaks in the end-effector profile. The peaks in each axis are
identified as the number of maxima in given trajectory. This criteria is used to
determine the controllability of the system.
5. Force profile smoothness: Similarly the force profile is analyzed by studying the
number of spikes in the measured interaction forces. A non-smooth force profile
is the result of abrupt changes which signals low quality interactions and users’
struggle with the robot.
3.3.2 Significant Results
Significant results of the conducted user study on stiffness adaptation relevant to the
focus point of the thesis are presented here. Table 3.1 tabulates the ANOVA analysis of
the results. The mean and standard deviation for all criteria are presented in table 3.3.
Analyzing the time of completion and trajectory smoothness, the directional adaptation
is far superior to constant stiffness. The other two methods share similar performances and
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Table 3.1: ANOVA results for different comparison criteria. F, p, and df are F-ratio, p-value and
degrees of freedom in the ANOVA (not to be confused with DoF in robotics).
Time Smooth Proc. FSM Arc. Enjoy. Cntrl. Satis. Ease. Reliab.
df 3 3 3 3 3 3 3 3 3 3
F 4.04 19.3 4.15 2.24 12.04 4.99 1.86 3.66 6.64 3.20
p 0.009 <0.001 0.008 0.087 <0.001 .003 0.015 0.14 <0.001 0.26
Start of motion
Figure 3.4: Trajectory profile of a user when performing in constant stiffness compared to direc-
tional stiffness adaptation. In constant stiffness, the profile not only appears shaky
(indicating the user’s struggle), it also demonstrates significant deviation in task
precision. In this regards, body regulation in the form of stiffness adaptation has
improved both the user experience and the task quality.
are both equally superior to constant stiffness. In the data set for trajectory smoothness,
ANOVA shows a significant difference (p < 0.001).
The results of Procrustes are similar for all the three manipulability based modes,
while the constant stiffness is slightly inferior in this measure. Similarly, the ANOVA
of force profile smoothness shows no significant difference between three manipulability
based modes but they are still better than the baseline method.
The result of Arc Length shows a significant difference (p < 0.001) between the control
modes. The directional adaptation and the scalar adaptation performed identical, while
the constant stiffness performance was the worst. Figure 3.4 shows the trajectory profile
of a user performing in constant stiffness and directional adaptation modes. Alongside
the traversed arc, note further the smoothness of trajectory for each mode.
In qualitative measures a similar trend is present. In most criteria directional adaptation
out perform other schemes and in all criteria manipulability based methods perform
better than the constant stiffness baseline. Particularly in the ease of use benchmark
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Const Manip XYZ FT
(a) Qualitative (b) Quantitative
Figure 3.5: Radar chart showings the ranking of the control modes for each performance criterion
depending on their statistical significance, 4 is best rank and 1 is the worst. Note that
the colors are additive, e.g., + = .
there is a significant difference (p < 0.001) between control schemes while the data set
for enjoyment reports (p < 0.003).
The results for the peg in the hole task show an overall similar trend: both in
approaching to, and withdrawing from the holes manipulability based adaptation schemes
are favored in quantitative and qualitative criteria.
3.3.3 Peg in the Hole and Complementary Results
In the peg in the hole task the users start interacting with the robot at the parking
configuration. They then approach to, and withdraw from 9 holes (h1 to h9) on the body
of the car. Table 3.4 contains the user performance in these two phases.
From Figure 3.6 it is noticeable that the directional adaptation BR has an overall
better performance. The performance of control modes in each hole are as follows:
h1: While approaching the hole 1, directional adaptation has a higher performance
concerning the smoothness of force profile, trajectory and time of completion. With-
drawing from the hole, force transmission ratio has a better overall performance.
h2: Scalar adaptation works better in all criteria for withdrawing.
h3: Directional adaptation works well in hole 3 for approach, except for force smoothness.
h4: Directional adaptation performed better for force smoothness and time of completion.
h5: Directional adaptation had an overall better performance compared to other modes.
h6: While approaching, scalar and directional adaptation have similar performances in
arc length. Directional adaptation is better regarding force smoothness and time
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Figure 3.6: Best performing adaptation scheme per hole in different difficulty regions. The users
start at point denoted by 0 and then traverse to the holes marked from 1 to 9. Each
hole is associated with a difficulty level based on the sensor and users’ feedback.
Next to each hole 8 color-coded rectangles show the best performing scheme for both
approach and withdraw phases.
Ca Cw Sa Sw Da Dw Fa Fw
h1 50 25 75 50 99 99 25 99
h2 75 25 50 99 99 75 25 50
h3 50 25 50 99 99 75 99 50
h4 25 50 50 75 75 99 99 25
h5 25 75 99 75 99 99 99 25
h6 25 25 75 75 99 99 50 50
h7 25 25 75 75 99 99 50 50
h8 25 25 75 99 99 99 50 75
h9 25 75 99 75 50 99 75 25
(a) Time of completion
Ca Cw Sa Sw Da Dw Fa Fw
h1 75 25 75 75 99 50 50 99
h2 75 25 50 99 99 50 25 75
h3 50 25 99 99 75 50 50 75
h4 25 50 50 75 50 99 99 25
h5 25 75 99 75 75 99 75 25
h6 25 25 99 75 75 99 50 50
h7 25 25 99 75 75 99 50 50
h8 25 25 50 99 75 75 99 50
h9 25 50 99 25 50 99 75 75
(b) Force smoothness
Ca Cw Sa Sw Da Dw Fa Fw
h1 25 50 99 99 99 99 50 75
h2 25 50 99 75 99 75 50 75
h3 25 75 75 99 99 99 75 99
h4 25 99 75 99 75 99 99 99
h5 25 99 75 99 99 99 75 99
h6 25 50 99 75 99 99 75 75
h7 25 75 99 99 99 99 99 99
h8 25 50 99 75 99 99 50 75
h9 25 99 99 50 50 99 75 99
(c) Arc length
Ca Cw Sa Sw Da Dw Fa Fw
h1 75 25 75 75 99 75 25 99
h2 75 25 75 99 99 50 25 75
h3 25 75 50 99 99 50 50 25
h4 25 75 50 99 50 75 99 25
h5 25 75 75 25 99 99 50 25
h6 25 25 99 25 75 75 50 99
h7 25 25 99 75 75 99 75 50
h8 25 25 99 75 75 99 75 50
h9 25 50 99 75 50 99 75 25
(d) Trajectory Smoothness
Figure 3.7: Heat maps showing performance of the control modes in approach and withdraw for
different comparison criteria. It is visible that the manipulability based approaches,
especially Directional adaptation resulted in better performance. Subscripts ‘a’ and ‘w’
denote approach and withdraw for constant, scalar, directional, and force transmission
adaptation schemes respectively.
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of completion. During withdrawing, directional adaptation is better except for
trajectory smoothness where force transmission based adaption is better.
h7: During approaching scalar adaptation is better for arc length, force/trajectory
smoothness, while directional adaptation is better for the time of completion. While
withdrawing, directional adaptation is preferred over all criteria.
h8: Considering approaching directional adaptation works better in terms of time of
completion. During withdrawing, directional adaption works best for arc length,
time of completion and trajectory smoothness.
h9: Scalar adaptation works best for the approach in all criteria and during withdrawing,
directional adaptation is better.
Figure 3.7 demonstrates a heat-map of these results for all holes and control schemes
in approaching and withdrawing maneuvers. Overall, the proposed BR mechanisms
outperform the Null Handling in all holes, both in approaching and withdrawing phases.
3.4 Discussion
As the current trend in robotics shifts further towards collaborative and assistive interac-
tions, taking the human factors and ergonomics into account becomes more crucial. In
this chapter this question was addressed by stiffness adaption as body regulation based
on manipulability criteria.
By analyzing the results in sections 3.3 it is evident that suitable adaptation schemes
compared to constant stiffness (Null Handling) offers a superior experience for the users
—a claim supported by the user study results with statistical significance. Furthermore
these results proof the two hypotheses introduced at the beginning of this chapter (refer
to page 32).
In terms of CABR, the three body regulation considered here were tested against the
Null Handling and the results show the importance of handling the redundancy both for
the user and the task. Nevertheless, there is an important question to answer and that
is, what form of BR, among the three adaptation schemes, should be adopted in this
context? By digging deeper, the answer can be deduced from the result.
From the users’ feedback, task performance measures, and the force/torque sensor data
it is possible to define regions of difficulty as shown in figure 3.8. Table 3.2 demonstrates
performance of each regulation scheme in each region. Although not to the full extend,
it is possible to choose a particular scheme when the user enters a specific difficulty
zone. For instance, if the human counterpart is performing the task in the A4 zone, the
directional adaptation denoted by ‘XYZ’ is expected to offer the best results both in
terms of the human experience and regarding the task execution quality.
Identifying difficulty regions has major significance in industrial applications where
humans safety and long term health is at risk. Furthermore, in the industry sector the
improved task execution quality often has serious financial benefits. Both of these issues
are addressed by systematically planning the suitable body regulations.
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Figure 3.8: Difficulty regions are outlined by the domain ex-
perts based on the user feedback, interaction forces and other
sensor data as well as the task execution quality. Alongside
table 3.2, these result can be used to automatically trigger
suitable BR when the users enter different difficulty regions.
For instance, in A3 and A4, ‘FT’ and ‘XYZ’ clearly are the
most suitable BR respectively. However, the best body regu-
lation strategy in different regions cannot always be decided
universally (e.g., in A2 the choice between ‘Manip’ and ‘XYZ’
is not easily made). Nonetheless, all the body regulation
schemes beats the Null Handling in all regions.
Table 3.2: Users’ performance in four areas of difficulty.Green and red colors highlight the best
and the worst performing adaptation scheme in each criteria.
Creiteria Const Manip FT XYZ p
Areas M SD M SD M SD M SD
A1
Time of Comp. 12.21 4.41 10.96 3.41 10.48 3.84 10.62 3.56 0.002
ForceSmooth 68.31 28.36 59.66 23.61 56.14 23.63 57.57 23.32 0.004
Traj Smooth 58.94 32.73 30.20 16.82 33.20 19.91 32.54 23.15 < 0.001
Arc Length 0.391 0.023 0.383 0.015 0.385 0.026 0.384 0.018 0.02
Procrustes 0.943 0.040 0.976 0.018 0.966 0.027 0.973 0.029 < 0.001
A2
Time of Comp. 6.63 3.18 6.83 2.65 6.62 2.87 6.52 2.55 0.82
ForceSmooth 35.97 18.72 36.20 16.70 35.83 18.48 37.34 17.14 0.92
Traj Smooth 19.17 17.32 15.89 9.47 16.49 11.26 14.80 11.73 0.16
Arc Length 0.353 0.025 0.343 0.011 0.347 0.021 0.343 0.015 0.006
Procrustes 0.985 0.012 0.989 0.011 0.986 0.018 0.987 0.009 0.54
A3
Time of Comp. 14.05 5.57 14.34 6.04 13.37 5.69 13.69 5.53 0.50
ForceSmooth 73.44 36.69 73.41 42.48 69.24 32.72 73.18 37.00 0.76
Traj Smooth 47.14 29.98 32.20 20.39 31.77 17.99 32.63 15.26 < 0.001
Arc Length 0.502 0.071 0.460 0.027 0.458 0.026 0.461 0.026 < 0.001
Procrustes 0.980 0.015 0.987 0.010 0.983 0.009 0.982 0.016 0.072
A4
Time of Comp. 11.00 4.03 10.31 3.58 9.48 3.47 9.33 3.55 0.001
ForceSmooth 62.69 24.44 59.20 27.62 56.14 24.08 54.34 26.70 0.02
Traj Smooth 43.46 28.00 26.77 16.63 26.71 15.60 23.00 12.32 < 0.001
Arc Length 0.437 0.038 0.424 0.034 0.420 0.017 0.410 0.013 0.01
Procrustes 0.942 0.069 0.977 0.028 0.964 0.040 0.981 0.020 < 0.001








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4 Body Regulation in Humanoids
Contexts
Humanoid robotics studies perhaps has seen the most dedicated amount of research
regarding the secondary tasks. This can safely be associated with the fact that humanoids
offer the highest number of degrees of freedom among conventional robots (excluding
soft and hyper-redundant manipulators). This high level dexterity in return makes them
an interesting platform for the research on the hierarchy of multiple tasks. Besides, as
will be shown in this chapter, performing even a single task with a humanoid requires
proper handling of the robot’s redundancies.
Being comprised of multiple kinematic chains (arms, legs, waist, head), naturally
multiple tasks can be accomplished by a humanoid alongside the primary task which is
often the whole-body motion. Furthermore, when there are more than two tasks and
primary/secondary paradigm does not hold anymore, the priorities among the secondary
tasks needs to be addressed. This demand has been dealt with by a supply of interesting
research on hierarchy of prioritized tasks [51], [52]. The research has continued to current
date, however, some implementations of the Stack of Tasks (SoT) have shifted towards
the Quadratic Programming (QP) approaches [53]. This shift is in part due to the fact
that QPs are more convenient in handling inequality and boundary constraints [54], and
in part because of advances in numerical optimization techniques [55].
Operating in both velocity and acceleration levels, QP formalism has been extensively
discussed and published in the humanoids field. However, in this chapter they are
discussed as well (although at a surface level) on account of the following reasons: context
aware body regulation in its core deals with handling of multiple tasks. Given a context,
suitable BR must take into account the synergies among multiple tasks. That is, the
tasks within a context not only should not interfere with each other, but also contribute
to execution of one another. Furthermore, composability element mentioned in the
introduction can benefit from the QP paradigm if it is attacked from particular angles.
More concretely, context can be identified in terms of reoccurring tasks and suitable body
regulation can be implemented in terms of hierarchy of tasks composed with soft and
hard priorities. It is then necessary to discuss the SoT method based on the Inequality
Hierarchical Quadratic Programming (iHQP) in the scope of CABR.
To this end, in the following sections a convenient task and constraint representation
notation is introduced first. Based on this notation several generic and input-agnostic
The findings of this chapter is supported by [48]–[50]. Most sincere gratitude go to all the coauthor
and colleagues for their contributions to the development of these works, particularly to Dr. Enrico
Mingo Hoffman for his work on the stack of tasks formulation and the empirical evaluation.
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Modes Position, Impedance,Voltage, Torque
Position, Impedance,
Torque
Mass (KG) 35 70
Height (m) 0.95 1.7
Software Orocos, ROS XBotCore, Orocos, ROS
Sensors IMU, 6Axis F/T sensors in wrists and ankles,Link&Joint side encoders, Joint torque sensors
IMU, 6Axis F/T sensors in wrists and ankles, Lidar
Link&Joint side encoders, Joint torque sensors
tasks for the whole body of the humanoids are derived. These tasks are the building
blocks of the SoT made of equality and inequality constraints. The BR of humanoids
emerges as a particular SoT at a high level. At the same time, individual body regulations
are applicable to each kinematic chain at a lower level. Hence, this chapter also briefly
introduces an abstraction layer that encapsulates the kinematic chain details. The
contents of the chapter are presented and tested on the COMAN and COMAN+ robots
(real and simulated) depicted in figure 1.1c and their technical specifications in table 4.1.
4.1 Humanoids Body Regulation in the Literature
As was mentioned earlier, the humanoids field offers a very rich body of research and
literature on the nature of secondary tasks. The CABR uses these works and builds upon
them to deliver its message. Here some of these works are briefly mentioned.
The secondary tasks can be governed as a helper for the main task that is often
locomotion, balance or both. In [56] for instance, ‘centroidal momentum matrix’ is
introduced, its properties are derived and then it is exploited through SVD to improve
locomotion capabilities of the robot. The dynamic balance ability of the robot was
increased by leaning the robot’s knees on the environment in [57], by merely touching
the surrounding in [58], and by postural regulation for a very peculiar application in [59].
Alternatively, the secondary tasks can be studied standalone and not necessarily at the
service of the primary task. Some examples include [60] where by analyzing the contact
forces, the robot is able to respond to dynamic changes in the environment; pushing heavy
objects with contact posture planning [61]; and in [62] where by combining the dynamic
manipulability and reconfiguration, a gaze task is define in the residual redundancy of
the primary task.
In most of the existing literature, however, the secondary tasks and body regulation
are tailored to specific scenarios or walking/balancing applications. To fully capitalize on
the potentials of humanoids, it is crucial to isolate the tasks, the applications, and the
body regulation.
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4.2 General Form of QP Problems and the Minimum
Norm Solution





THy + gTy (4.1)
s.t. Ay ≤ b, (4.2)
where H ∈ Rn×n and g ∈ Rn, and the goal is to find a vector y ∈ Rn that minimizes
(4.1) while respecting (4.2). A ∈ Rm×n,y ∈ Rm define an n dimensional polytope in
which the solution should reside.
The matrix H and the vector g are in fact the Hessian and the gradient with respect
to the Newton step resolution [63]. This can be paralleled to the Taylor expansion of
function h(y)
h(y + ∆y) ≈ h(y) +∇h(y)T∆y + 12∆y
TH(y)∆y. (4.3)
Indeed among the solutions of (4.1) are those based on the Newton-type methods that
exploit the Taylor expansion.
Relate these equations to the relevant problems in robotic domain. Take the differential
kinematic mapping between the robot’s Cartesian and joint space velocities as ẋ = Jq̇.
Denote the desired task velocity by ẋ∗, thus, computing the robot’s input boils down to






This quadratic form can be expanded as follow
‖Jq̇ − ẋ∗‖2 = (Jq̇ − ẋ)T (Jq̇ − ẋ)
= q̇TJTJq̇ − q̇TJT ẋ− ẋTJq̇ + ẋT ẋ.
(4.5)
Given that q̇TJT ẋ = (ẋT (Jq̇))T , (4.5) can be expressed as
‖Jq̇ − ẋ∗‖2 = q̇T (JTJ)q̇ − 2(ẋJ)q̇ + ẋT ẋ. (4.6)
Comparing (4.6) and (4.1) gives H = JTJ, g = JT ẋ. Note that ẋT ẋ does not contribute
to the solution. Although this definition of the Hessian agrees with [63] and [53], some
argue that JTJ is not an exact approximation [64]. Nevertheless, using Taylor expansion
of (4.4) it is possible to show that JTJ suffices for humanoid control purposes [55], [65].
This approximation is almost universally used in the robotics domain.
Considering a full rank Jacobian matrix, among the solutions of (4.4) is
q̇∗ = J+ẋ (4.7)
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which minimizes ‖Jq̇ − ẋ‖2 on Rn. It can be shown furthermore, that among all vectors
in Rn that minimize the aforementioned equation, q̇∗ = J+ẋ is the unique vector with
minimal norm, a.k.a. the the minimum norm solution. This property, related to the
pseudo-inverse approach (denote by +) plays an important role in body regulation.
Proofing the minimum norm solution consists of two steps, firstly to show that q̇∗ = J+ẋ
minimizes ‖Jq̇ − ẋ‖2; and secondly it is the unique vector with minimum norm. This
proof is discussed in detail with all its aspects in [65] and here only its core concept is
presented briefly for sake of completeness1.
For any q̇ ∈ Rn,
‖Jq̇ − ẋ‖2 = ‖J(q̇ − q̇∗) + Jq̇∗ − ẋ‖2
= ‖J(q̇ − q̇∗)‖2 + ‖Jq̇∗ − ẋ‖2 + 2[J(q̇ − q̇∗)]T (Jq̇∗ − ẋ).
(4.8)
It can be shown (e.g., [65]) that [J(q̇ − q̇∗)]T (Jq̇∗ − ẋ) = 0, hence
‖Jq̇ − ẋ‖2 = ‖J(q̇ − q̇∗)‖2 + ‖Jq̇∗ − ẋ‖2. (4.9)
Because ‖J(q̇ − q̇∗)‖2 ≥ 0, then ‖Jq̇ − ẋ‖2 ≥ ‖Jq̇∗ − ẋ‖2, consequently, q̇∗ minimizes
‖Jq̇ − ẋ‖2.
It is now sufficient to show that among all q̇ ∈ Rn, the solution q̇∗ = J+ẋ is the
unique vector with minimum norm. Consider an arbitrary solution ˜̇q that minimizes the
quadratic form mentioned above. It is now enough to show that ‖˜̇q‖ ≥ ‖q̇∗‖.
‖˜̇q‖ = ‖(˜̇q − q̇∗) + q̇∗‖2
= ‖˜̇q − q̇∗‖2 + ‖q̇∗‖2 + 2q̇∗T (˜̇q − q̇∗).
(4.10)
Based on properties of pseudo-inverse, as in [65] for instance, it is possible to derive
q̇∗T (˜̇q − q̇∗) = (J+ẋ)T (˜̇x− J+ẋ) = 0. Therefore (4.10) reduces to
‖˜̇q‖ = ‖˜̇q − q̇∗‖2 + ‖q̇∗‖2




‖˜̇q‖ > ‖q̇∗‖. (4.12)
With this insight on the minimum norm solution, recall the example of the simple walk
shown in section 1.1 and revisited here again. This was the case of Null Handling where
the redundancy of the humanoid was remained uncontrolled. The implementation of the
walk in figure 4.1 uses the support foot as the root of the kinematic tree and solves the
motion generation problem by pseudo-inverse. Consequently, the right foot becomes the
base of the chain at the beginning of the motion. The minimum norm joint velocities
resulted from the pseudo-inverse of the Center of Mass (CoM) Jacobian creates twisted
waist posture. Even though the base of the kinematic chain is switched at each step, the
robot posture is never recovered. With an already twisted waist every step aggravates
the problem.
1In page 62 of [63] an alternative proof based on the decomposition of ẋ into R(J)ẋ and N(JT )ẋ ,that
are the range and the null space, is presented.
4.3 iHQP and SoT for Humanoids 51
Figure 4.1: Null Handling of redundancy for humanoid walk revisited: On the top sequence of a
very simple walk with naive joint space redundancy resolution for the waist. On the
bottom the same walking implementation without any body regulation. Since the
solver uses minimum norm solution and at the first step the base of the kinematic
chain is at the right foot of the robot, without any BR the minimum norm solution
generates unnatural waist rotations which propagate throughout, eventually resulting
in a completely undesired configuration. Note that the execution of the primary task,
however, is not impeded.
4.3 Inequality Hierarchical Quadratic Programming and
the Stack of Tasks
The building blocks of the SoT are individual tasks. An iHQP governs the precedence
of these blocks over each other. Since contexts and body regulations are defined in this
paradigm, here the generic QPs are put into a suitable form for CABR and a suitable
task notation is introduced. The notation is used to defined multiple tasks which form
the SoT and the BR, yet they are context-agnostic. Furthermore, the synergies among
the tasks need to be regulated and hard priorities of the stack of task might not suffice.
This challenge is treated by introducing a soft priority scheme.
Consider the vector of generalized coordinates2 of the humanoid as q ∈ Rn. Tracking
the Cartesian position and orientation of an arbitrary frame F ∈ SO(3) attached to
an arbitrary operational point of the robot can be achieved using (4.4). An error term
e ∈ R6 and a positive definite feedback gain matrix λ are added to close the control loop.
Additionally, a regularization term ρ is required so that the solution remains bounded,
2It is possible, without the loss of generality, to consider a floating based notation with q ∈ R6+n where
the first six coordinates represent the underactuated virtual chain, attached from the inertial frame
to the floating base, while the remaining n are associated to the actuated joints. If this scheme is
followed then J would be ∈ R6×6+n and so on. However, to keep the notation light and independent
of the presentation, q simply represents the generalized coordinates.
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should the Jacobian becomes ill conditioned. When added to (4.4), these ingredients




2 ‖Jq̇ − ẋ
∗ − λe‖2 + ρ ‖q̇‖2 ,
s.t. Aq̇ ≤ b.
(4.13)
The set of all possible solutions of this equation [51] is defined as
S =
{
J+ẋ+ (I− J+J)ω, ω ∈ Rn
}
, (4.14)
where ω is an arbitrary vector orthogonally projected on to the null-space of the Jacobian
defined as I− J+J.
As has been shown (for instance in [54], [66]) it is possible to form a hierarchy of
quadratic programming problems with both equality and inequality constraints within
this scheme. Regard the quadratic problem alongside its constraint in (4.13), at priority
level i as
Ti := q̇i = argmin
q̇∈Si
1
2 ‖Jiq̇ − ẋ
∗
i − λe‖
2 + ρ ‖q̇‖2
Ci := Aiq̇ ≤ bi.
(4.15)
Si is the set of all possible solutions at this priority level and lies in the null-space of the
task Ti−1 at priority level i− 1. Thus, the volume of Si shrinks as i increases and the
priority decreases. The task in (4.15) can be used to define a convenient notation for a
variety of tasks as originally introduced in [66] and later reused in [49] . In such notation
each task is defined as a Jacobian, desired task space quantities (e.g., motion, forces);
and constraints that are expressed as a constraint matrix A, and solution boundaries b:
Ti := JJi, ẋ∗i K (4.16)
Ci := JAi, biK. (4.17)
4.3.1 Hard/Soft Priorities and the Building Blocks of the SoT
For two tasks at two different priority levels, the solution of a Tj must reside in the
null-space of Ti if j > i, which constitutes ‘hard’ prioritization among the two tasks.
Alternatively it is possible that two tasks share the same priority level, hence forming
a ‘soft’ priority tie. This is done by augmenting the Jacobian and Cartesian velocities
of these tasks. Priority within the tasks can be achieved using a gain matrix ψ (cf
figure 4.2). This concept is crucial for body regulation via stacks of tasks. Given that
the BR is composed of prioritized tasks, it should possess a mechanism to regulate the
synergies among individual parts and handle incompatibilities of constituting tasks. The
soft prioritization system in general, and the relative priority gain ψ in particular, are
among these mechanisms. The error of the task assigned to the left arm is also reduced
compare to (b).
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(a) Incompatible tasks with same priority TR = TL
(b) Hard priority of TR < TL
(c) Soft priority of TR
ψ= TL
Figure 4.2: Soft and hard priorities. The right and left arms are tasked (TR,TL) to reach the
points highlighted in red on either side. In (a) the two tasks share the same hard
priority so the robot is stuck in a stalemate situation between the two tasks. Instead
in (b) the right arm task having a higher hard priority is executed properly while
the left arm task suffers from increased error (Note that smaller task index indicates
higher priority). Relative priority within the same hard level is enforced by ψ in (c)
forming a soft priority scheme. Note in this case waist rotation is half-way between
the two previous cases.
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An example of these soft priority relationships are the tasks for the left and right sole
(feet) of a humanoid.
TSOLES :=
q









ψR and ψL in (4.18) are the diagonal matrices that determine the relative, soft priority
between left and right soles. The desired velocity vectors ẋ∗LL and ẋ
∗
RL are treated similar
to Cartesian component of (4.20). Subscripts ‘R/L’ and ‘RL/LL’ denote right/left and
right-leg/left-leg respectively.










where JCoM is the Jacobian of the CoM as partial derivatives relating the joint velocities
to the CoM velocities. Note that the desired value for the velocity and the position of
the CoM, namely ẋ∗CoM ,x
∗
CoM are independent of the SoT and based on the situation can
be obtained from different sources. In walking for instance, a Walking Pattern Generator
(WPG) dictates these values based on the Zero Moment Point (ZMP) [67] criterion while
in push recovery Capture Point [68] governs the TCoM . In other situations different criteria
might be demanded. This form of agnosticity and separation of concern at the task
level is an essential element of reusability and its impact is highlighted in the upcoming
chapters.
Cartesian task for a frame F attached to an arbitrary point of the robot (e.g., EE of










where JF is the task Jacobian at the frame F , ṗ∗F is the desired twist of the frame, and
(p∗F − pF) forms an error vector between the desired and the real pose of the end point F
preventing error accumulation.
These three tasks, soles, CoM, and arbitrary Cartesian poses define the bare minimum
for locomotion and manipulation scenarios. Given that many humanoids including the
COMAN and COMAN+ robots have actuated waists (torso), it is beneficial to define
a task for the waist. This task is expressed as a Cartesian orientation-only task that








where JoW represents the rotational part of the waist Jacobian and δεW is the orientation
error expressed as unit quaternions.
The overall joint motions and the residual redundancy can be governed by defining a
desired joint behavior q∗N that functions analogously to the vector ω in (4.14). Such a








The task uses the identity matrix as the Jacobian. Consequently the Hessian will equals
identity matrix which respects the requirements on positive definiteness.
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These tasks, particularly those of the Cartesian nature, are often accompanied by
constraints that limit the robots’ motion to certain bounds. Furthermore, two more
constraints are always present as well, namely the joint position and velocity boundary
constraints. Recall the constraint notation C := JAi, biK, the joint boundary constraints
are defined by
bq = (µ(q↓ − qi), µ(q↑ − qi))
bq̇ = (−αiq̇↓∆t, αiq̇↑∆t),
(4.23)
where the vertical arrows denote lower and upper bounds. In (4.23), αi ≤ αi+1 and µ
implement a velocity allocation and integration scheme between priority levels. Aq/q̇ and
bq/q̇ are formed by aggregating the identity matrices and joint boundary vectors. The
boundary conditions can be addressed in different ways, however, since [66] is used for
the empirical evaluation of humanoid body regulation their notation and approach is
adopted as well.
There are numerous other tasks and constraints that could be added here, e.g., minimum
effort based on the gradient descent of the gravity vector [66]; regularization of centroidal
linear and angular momentum [56]; or variety of tasks in the force domain [69]. All these
possible additions can be regarded as BRs by adhering to the same task notation and
defining appropriate Jacobians.
4.4 Whole-Body Regulation of Humanoids
Given a stack of tasks based on the inequality hierarchical quadratic programming, this
section discusses multiple aspects of the whole-body regulation of humanoids in the view
of previously mentioned generic tasks. Whole-body regulation of a humanoid robot uses
these generic tasks by adapting and stacking a selection of them in a SoT for a given
context.
Both contexts discussed in the previous chapters were applicable to the manipulators.
Considering the substantially larger DoF size of a humanoid robot, the body regulation
for humanoids in most contexts is multi-objective. Consequently, the privilege of “one
context, one goal, one body regulation” that facilitated the BR planning phase previously,
can no longer be enjoyed. Indeed, considering a typical humanoid scenario, multiple
body regulation schemes come to mind. Without any specificity towards a particular
application, some regulatory actions are listed.
A. Critical Body Regulation for the Balance
This form of body regulation favors the configurations where the robot has better
equilibrium or capability to maintain or recover its balance [68]. In the SoT, the tasks for
the soles and the CoM take the highest priorities to ensure the robot is stable. At lower
priorities, other kinematic chains can also contribute to the balance. For instance, if an
arm of the humanoid is unloaded, it could automatically pull back if the other arm is
extending forward. This is due to the fact that the task for the CoM uses the Jacobian of
the center of mass which is affected by all the joints of the robot, including those without
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any explicit task. Alternatively, an explicit task that exploits the centroidal momentum
can support the robot at kinematic chain level, or at the residual redundancy of the
whole-body.
B. Critical Body Regulation for the Primary Task
Demanded by the main manipulation task, the body regulation in this case is generally
governed by the next task after the balance in the SoT. An important aspect of the
BR for the manipulation is the possibility of being deployed at kinematic chain level.
Consequently, the BR policies defined for different contexts can be reused by considering
the robot in terms of kinematic chains. On the other hand, there are certain considerations
to be made when reusing the BR schemes, particularly if the reused BR internally relies
on a minimum norm solution.
The minimum norm solution for a kinematic chain (for instance Kuka LWR-4+) affects
the robot from the base to the EE. The importance of similarity between the source and
the target kinematic chains structures must be taken into account when reusing them.
The required similarity is not necessarily about the number of degrees of freedom, since
kinematic chain abstraction encapsulates the DoF size differences. Instead, the joint-link
topology, as well as the overall body structure3 must be taken into account. Although
this rarely causes any problem when reusing the BRs, should the problem occur the
solution can be found in weighted pseudo-inverse.
In task oriented [70] or other direct pseudo-inverse approaches, a weighting matrix W
tunes the minimum norm behavior toward arbitrary weighted norm:
J+W = W
−1JT (JW−1JT )−1. (4.24)
When opting for the QP approach, W can be integrated in the definition of QP problem.
Considering that W is diagonal and ∀i ∈ [1, . . . n],Wii > 0, rewrite ‖Jq̇ − ẋ∗‖2 in (4.5)
with a weighting matrix as
‖Jq̇ − ẋ∗‖2 = (Jq̇ − ẋ)TW(Jq̇ − ẋ) (4.25)
= ‖W◦
1






While hard to quantify, human-likeness can be viewed as a measure of resemblance to the
way humans perform similar task. In case of walking, for instance, an upright torso with
swinging arms is arguably a human-like motion. There are several elements contributing
to this form of BR. Postural regulation is one of the most important factors that affects
the human-like motions.
3As an example, COMAN and COMAN+ shown in figure 1.1c both have 7-DoF arms. However, COMAN
employs a spherical joint for the wrists while COMAN+ does not. Instead, it has a double-elbow
like structure. Consequently, the manner in which the two platforms handle an orientation task is
different. BR of a Kuka LWR-4+, instead, is directly applicable to the COMAN arm.
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Figure 4.3: Coordinate frame convention in humanoid robots: red/green/blue ←→ x/y/z
Postural based BR describes the practice of regulating overall pose and figure of the
robot. There are two major aspects to the postural regulation; first, the waist pose
whether in Cartesian or joint space; and second, the overall redundancy resolution that
dictate the robot’s stance. Although, the former is more integral to an overall better
posture.
Keeping the waist’s configuration fixed, e.g, qW = [0, 0, 0]
T , partially regulates the
waist, however, does not fully address the issue as it is apparent in figure 4.1 (with the
swing of the body the waist is also swinging which is not desirable). Instead, regulating
the postural motion in the Cartesian space offers a more robust alternative. Recall the
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−εyε∗z + εzε∗yεxε∗z − εzε∗x
−εxε∗y + εyε∗x
 , (4.26)
where ηW , εW are the scalar and the vector parts respectively. Hence, the BR is formed
from an ideal waist orientation o∗W (w.r.t. standard coordinate frame in humanoids
in figure 4.3) by imposing the scheme in (4.21),(4.26). Conveniently, λoW dictates how
aggressively the robot regulates its body toward its optimal posture.
Apart from its impact on the human-like motions, postural regulation also has a
significant influence on the overall whole-body regulation. Relaxing some of these
constraints or imposing new ones, each tunes the robot’s behavior in a specific fashion.
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Figure 4.4: Pan/tilt configuration w.r.t. Fhead for gaze tasks and head/neck regulation
Accordingly, the two contexts studied later exploit the postural regulation in different
ways, both for achieving human-like motions and for contributing to the primary task.
D. Body Regulation for Unloaded Kinematic Chains
This criteria answers questions such as, what should the left arm do when the right one
is performing the primary objective. If the stack of tasks contains any task for the CoM
or other quantities that affect it, then unloaded kinematic chains (as well as the residual
redundancy) will be exploited by the CoM task. As stated before, this is due to the
nature of the Jacobian of the center of mass. Alternatively, these chains can be used
to achieve other objectives. The neck chain for a robot with a head (e.g., COMAN+)
demonstrates an example.
Consider a gaze task based on [72]. With reference to figure 4.4, frame Fhead is
attached to the robot’s head; the gaze vector g points towards the target; and ĝ =
g ‖g‖−1. Considering a pan/title topology, the following assumption conveniently avoids
all singularities of the head
q = [q0, . . . , qn−2, qgaze] (4.27)
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The results from (4.30) can be used in two ways; by considering a Cartesian task in the
same scheme as (4.26); or as a joint space redundancy resolution sub-vector of q∗N from
(4.22).
An interesting application of the head chain BR has emerged in the physiotherapeutic
juggling [73]. Originating from the rehabilitation field, it is shown that in juggling
exercises, where the patient and the therapist throw a light weight ball back and forth,
if the therapist deceives the patient by looking at a direction unrelated to their throw,
the patient could show improved rehabilitation performance. Similar practice can be
implemented in humanoid assisted physiotherapeutic juggling [49].
E. Residual Redundancy Resolution
The residual redundancy of the humanoid governs the overall joint behavior for the rest
of the body. Often at the lowest priority in the SoT, the residual redundancy is controlled
at joint space using (4.22). For simple (stack of) tasks a naive yet effective way is to
choose a suitable home configuration q
H
and
q∗N (t) = qH , t ∈ [0 . . . T], (4.31)
that is, for the duration of T seconds of the motion, the robot converges to the home
configuration. Albeit this way of handling the joint space redundancy does not scale
beyond maintaining the home posture. A more generic strategy would be to define a
cost function that dictates the desired joint behavior, e.g., q∗N (t) = fqN (t,Ti, qS ) where
q
S
= {q, q̇, q̈, τ , . . .} defines the robot state feedback and Ti is a task (or a constraint).
4.5 Exemplary Context: Whole-Body Standing
In the following, an illustrative context is considered and the outcomes of this chapter
are used to perform CABR.
Whole-body standing embodies a reoccurring situation in humanoids research: a robot
standing and maintaining its balance while performing a task with one or both hands.
Throwing an object like a light weight ball is an example of a task that can be described
by such a context. Throwing objects has different use cases, for instance, in rehabilitation
and a real world example of such a scenario is presented in chapter 6. Furthermore, this
context presents a basis that can be scaled up to accommodate related contexts.
Consider a SoT as shown in figure 4.5, implemented as an iHQP using [66]. The
highest priority tasks for the soles ensure the robot does not slide. The CoM task brings
the projection of the center of mass to the center point of the support polygon convex
hull. With reference to the notation introduced in (4.16),(4.17) take the task and the
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Figure 4.5: Stacks of tasks for humanoid whole-body standing context.
constraint for the center of mass at priority level 2 as


























where C2 defines a polytope that bounds the valid positions for CoM. ẋ∗CoM is controlled
by a simple attractor that brings the CoM projection to the center point of the support
polygon.
Due to the hierarchical structure of the SoT, the task for the arms (throwing in this
case) is assigned without any negative influence on the robot’s dynamic balance. This
task —that exhibits its own sub-BR in the form of joint space redundancy resolution—
can be viewed as follows: The EE of the arm first goes its current (xinit) to a parking
pose (xfin), for instance using a simple low jerk point to point motion:
x(τ)∗ =∆x
[










120τ3 − 180τ2 + 60τ
]
, (4.35)




From the parking pose, the arm performs the throwing motion trajectory. Such a
trajectory can be obtained from the same equations or by using existing trajectory
generation schemes for these types of tasks (e.g.,[74]). Alternatively it is possible to
interpolate desired end-effector velocities between the parking, the throw and the stop
points. In either case, the results are sent to the arm’s QP task. Additionally, a suitable
static posture or any other configuration of the arm must be provided as low level residual
redundancy resolution for the BR purpose.
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(a) Parking pose (b) Throw with BR (c) Throw without BR
Figure 4.6: Starting from same parking pose (a), the robot performs a throw. Snapshots (b) and
(c) are the end pose of the robot with and without BR.
4.5.1 Constraining Waist Rotations
Body regulations of humanoids cannot be considered unilaterally since they could have
conflicting side effects. It is shown that waist torsion plays a major role in humans’
biomechanics [75]. The same applies to humanoids as well when they perform dynamic
tasks such as throwing. Relaxing the constraint on the waist’s rotation along the yaw
(z-axis, the axis orthogonal to transverse plane, cf. figure 4.3) not only allows the robot
to perform the task more efficiently, it also reduces the chance of conflict with other
active BRs. A simple throw with postural Cartesian regulation is compared to a relaxed
waist torsion in figure 4.6 to highlight this notion. Alternatively, when the task implies
negotiation in environments cluttered with obstacles, or for complex manipulation tasks,
all the constraints on the waist’s Cartesian orientations can be relaxed to facilitate
collision avoidance of the upper-body.
The body regulation for the whole-body standing context was evaluated in a dynamically
consistent simulation. Throwing a ball is a relatively challenging task for a small size
humanoid such as COMAN. Regardless, as shown in a series of snapshots in figure 4.7,
COMAN was able to make the throw. Although these results are obtained from a realistic,
dynamically consistent simulation, one might rightfully question their reproducibility
on the real robot. There are two considerations to be made here: Firstly, the major
contributing factor to a throw is the end-effector velocities and forces which in this case
are generated based on the hardware specific joint limits. Secondly, with the current
available technology, the robots’ hands are too slow to release the ball in fractions of a
second. This latter fact poses a challenge that cannot be resolved without the advent of
faster articulated hands.
The human-likeness of the motion, as mentioned before, is hardly quantifiable. However,
some metrics can be deduced regardless. In figure 4.6 for instance, comparing snapshots
‘b’ and ‘c’ shows the superiority of postural body regulation in generating natural looking
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(a) (b) (c) (d) (e)
Figure 4.7: COMAN throw: (a) The robot starts at the parking configuration. The throw starts
at (b), and by the time it is about to release the ball at (c), thanks to relaxed waist
rotation along the z axis, it has gathered some momentum. After releasing the ball
at (d), the robot’s arm still continues its motion since instantaneous stopping would
created instability. (e) The grid lines on the floor are 1m wide which means the robot
has made a throw of approximately 2.5m which is impressive for a small size robot
like COMAN.
motions. Another metric for the human-likeness of the motion is discussed later when
the throwing is used in a physiotherapy application in chapter 6.
4.6 Discussion
This chapter addressed the formulation of humanoid BR based on QP formalism. By
introducing a convenient notation, a number of tasks and constraints were defined which
later formed the stacks of tasks. In the large scale, the SoTs define the body regulations
for the contexts. On a smaller scale, each task within the SoT can exhibit sub-BR.
It should be emphasized that there is no universal agreement on the correct hierarchy
of tasks, however, what was proposed for the whole-body standing context follows a
straightforward logic: first the stability and locomotion via the feet and the CoM tasks,
then the manipulation by adding the arms tasks, and eventually postural regulation and
residual redundancy resolution at the lowest levels. Such a SoT structure scales up well
in locomotion contexts as it will be discussed later.
The theoretical and empirical aspects of this chapter are derived and conducted
keeping in mind two important considerations. Firstly, the definition of contexts follows
an inheritance scheme that mimics that of software engineering. Building the contexts
from abstract to specific facilitates the body regulation planning, and accordingly the
execution and deployment in terms of reusing. The second consideration is the distinction
between CABR process and scenario specific inputs.
Take the task for the center of the mass as an example. The definition of the task makes
no assumption about the governing input. It can be a simple attractor as it was the case
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in the whole-body context, or it can be a complex scheme such as a stabilized walking
pattern generator. In both cases, the task for the CoM is exactly identical and the SoT
can be reused with no modifications. Similar argument is valid for the postural regulation
tasks. For the presented context the yaw angle was allowed to change and contribute to
the throwing motion. A different motion might need the explicit control of all degrees of
freedom of the waist. Regardless, exactly the same task can be reused as the QP tasks
definitions do not make any assumption about the nature, type or the implementation of
the body regulations. If the context identification and/or body regulation planning are
not task-agnostic, the reusability, scalability and composability of the tasks and body
regulation can be compromised.
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The message that this thesis communicates is the need for systematic handling of
secondary tasks and body regulation. So far, multiple contexts were identified and
suitable body regulations for each context derived. These steps however, address two
parts of context aware body regulation, namely, context identification and BR planning.
The next step is implementing, deploying, and using (or rather, reusing) the regulation
schemes when different contexts arise.
To just implement and run them would immediately falls back into the disorderly fashion
that CABR tries to distance itself from. Instead, by adhering to software engineering
principles that promote modularity and separation of concerns, the deployment and
execution of body regulations can be elevated to a higher tier.
In section 1.3 three features —that are mostly a concern in software engineering—
were pointed out that CABR attempts to achieve, namely reusability, scalability and
composability. In all of the previously reported cases, the identification of the contexts
and planning the body regulations have been performed keeping these goals in mind.
Transforming these notions from theoretical into practical factors is accomplished by
a component based software architecture. This software architecture named CoSimA
[76], [77] is developed through the European project CogIMon [78] with the efforts of
numerous developers including the author of the thesis. The CABR uses CoSimA as its
underlying framework at the software level.
CoSimA promotes a systematic, model-based [79] approach to control architecture
design that facilities achieving the aforementioned goals. Its design follows the principles of
modularity and separation of concerns from software engineering to integrate functionality
in a real-time safe environment with the aim to provide a blueprint for a reusable, hardware
independent systems. It features transparent switching between robot and simulation,
between different hardware or control paradigms, and the assimilation of non real-time
components. It thereby supports a flexible yet systematic application development, while
accommodating diverse and changing technologies.
The contents of this chapter and the effectiveness of the component based software architecture are
supported by [49], [76], [77]. Special thanks go to all the coauthors for their contributions and to the
developers of the architecture. In particular, to the lead development team, Joshua Smith, Dennis
Leroy Wigand, and Dr. Enrico Mingo Hoffman.
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5.1 Requirements
A sensible system architecture that alleviates the complexity, facilitates the development
and grants scalability, is no easy feat given the complexities and difficulties of robotic
experiments (or contexts, in the scope of this work). Furthermore, the nature of each
context dictates certain requirements and specifications that the architecture should
comply with. For instance, when there is direct interactions with humans, the users’
safety is of utmost importance.
A number of such requirements are listed in this section. While these requirements do
not holistically represent all robotic contexts, they are nonetheless applicable to many of
them and most applications could benefit from these requirements and specifications.
R0. Safety
The system must be safe for the users at all times and under all conditions. The
implementation (in the general meaning of the word) of this requirement often is not
limited to the scope of software engineering. For instance in real world situations
safety is mostly achieved by cages and harnesses. Its inclusion in the requirement list
is motivated by multiple considerations. Firstly, a good architecture automatically
reduces unforeseen circumstances, some of which potentially hazardous to the human
counterparts. For example, real-time capabilities (cf. R1) are paramount to safely
responding to measured interaction forces. Secondly, the architecture allows assimilation
of non real-time components in to a real-time system. Among these non real-time
components is the Virtual Reality (VR). In a VR experiment there is no direct interaction
between the human and the robot. The use of VR furthermore allows the developers
to test their controllers and algorithms in a test bed before exposing them to the users.
Last but not least, a properly designed system architecture facilitates unit tests which in
turn reveal edge cases that could become potentially hazardous.
R1. Real-Time
Real-Time (RT) requirements in robot experiments are well-known to be crucial. For
standard manipulators the system become unstable if the response time of controllers
violate the hard deadlines. Even though many robot software and controllers are Non
Real-Time (NRT) yet fictional in some applications, unpredictability of response times
makes them unsuitable for certain applications, particularly in torque control domain.
In humanoid robots, real-timeness is paramount in two major respects in addition to
what was stated above: i) when the control scheme relies on timely communication between
different components and ii) dynamic stability criteria of humanoid robots dictates sensing
of the robot state (e.g., encoders, inertial measurement units, force/torque sensors, etc.)
to be done at precise time intervals.
To highlight the significance of predictable response time, consider the example of
COMAN walking on a straight line in simulation. Figure 5.2a,b depict snapshots of
such an experiment once when all components respond on time (a), and once when
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(a) Proper schedule (b) Wrong schedule
Figure 5.2: (a) All components meet their timing requirements according to the specification.
(b) CoMPrimitive is intentionally slowed at 300th sample by introducing a constant
delay of 13ms. This causes the CoM to receive the desired values (x∗CoM) that are old
and out of sync with respect to the real CoM values (x
CoM
) from the robot’s feedback
(cf. equation (4.19)). The critical worst time indicates at what stage the out of sync
and old data causes failure, defining the hard real-time deadline.
the execution of a single component is impeded so that it misses its deadline (b). As
seen in the figure, by its very first step (second snapshot) the robot is diverging from
the path and loosing its stability. By the third step the robot is already about to fall.
The figure 5.2 also shows the response time of CoMPrimitive, the impeded component,
when it works properly and when it malfunctions. The difference is rather minute. To
fully understand the effect of a single component on the whole network of connected
components an introspection mechanism should be in place. Such introspection tools are
described in detail in [77] and briefly in the next section.
Another aspect of real-time control of humanoids is isolation of non real-time compo-
nents of the system so that their lack of reliable response time would not impede the
execution of RT components.
R2. Secondary Requirements
Apart from R0 and R1 which are fundamental to proper execution of the robotic tasks,
there are certain requirements which are not necessarily critical but highly desirable.
Given the amount of engineering effort dedicated to design and implementation of these
systems, it is worthwhile to make them flexible and reusable as long as they remain
conformant to R0 and R1. Below, a number of general secondary requirements are listed,
however, different contexts might demand further specifications and considerations.
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System Transparency: It allows switching between different robots with minimum
programming efforts. While there are platform specific parameters to be tuned (e.g.,
control gains), proper model-based abstractions can relieve the burden of switching
by a considerable degree. The transparency also includes switching between the real
and the simulated robots and reduces it to a simple plug-and-play of components.
Reusability: Among different applications, similar functionalities are required. For
example, when dealing with dynamic balance of the humanoids, often times a
stabilizer is necessary. The ability to deploy and reuse already existing components
can drastically reduce the cost and complexity of the development process. Intrinsic
properties of component-based solutions facilitate this aspect to a considerable
degree. The reusability of components, furthermore, implies the ability to deploy
third party algorithms which also facilitates the development, provided they adhere
to the principles of component based design.
Adaptability to emerging technology: An often overlooked aspect of reusability is
adaptability to new and emerging technologies. Improved algorithms, faster and
more reliable solvers, and new middleware become available frequently, hence, a
modern architecture must be able to integrate them with reasonable effort. The
initial investment of time and development in respective architecture design will
eventually pay off when it can be migrated to keep up with the changing technology
demands.
5.2 Architecture
The context aware body regulation goals and the software requirements laid down above
are addressed by a software architecture which is described in the following. Such an
architecture should not only consider these explicit requirements, it also should be scalable
to handle other demands as more complex tasks and contexts emerge.
5.2.1 A Component Based Approach
A component based environment, namely Orocos [80], acts as the underlying framework of
the architecture. Component-Based Software Engineering (CBSE) has become a serious
alternative to traditional methods of software development [81]. Similarly, component
based robotics engineering has gained some attention in the past decade [82]. To truly
appreciate the advantages of CBSE it is necessary to investigate the meaning of the
“component”1 and contrast it with object/class paradigm. While the definition is debated
1A classical example that is not strictly accurate but quite informative is a toolbar. A toolbar can be
seen as a dynamic library that is loaded at run-time for different software (a word processor and
a spreadsheet program for instance). The individual buttons (new, load, save, etc.) can be seen
thematically as classes or single units that standalone cannot be deployed, however, they become
deployable in the greater context of a component that offers a coherent set of functionalities (i.e., a
file management toolbar).
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among sources, the following notions for components are generally agreed upon, for
instance in [81], [83], [84]:
• Components are binary (pre-compiled) units of computation that are deployed
while objects are source codes that exist at run-time. Components could be made
of objects though.
• Components implement well-defined interfaces. These interfaces and their behaviors
should be well documented allowing procedure calls, and enforcing inter-component
communications.
• The interfaces provide access to functionalities at a higher granularity level compared
to classes. Furthermore, all the functionalities offered by the components are inter-
related in a clearly outlined scope.
• Without access to the source code, components should be customizable allowing
the user/developer to tailor them to their needs. This aspect further alleviates the
reusability concern.
From these points it is clear that a component based system intrinsically lessens the
complexity of reusability goal since the components —as opposed to classes— are self-
sustained deployable units of computation in their own nature. In CABR’s architecture,
reusability is tackled by Orocos Component Library (OCL) while the deployment is
handled by the Orocos Deployment Component and the Deployer Application.
5.2.2 Addressing the Real-Time Requirements
The RT requirements are handled by Real-Time-Toolkit (RTT) which is an integral part
of Orocos. The RTT allows the exposure of ports2, handles their communication and
provides tools to create new typekits which permit transfer of custom data over the ports.
Some technologies (e.g., ROS [85]), hardware (e.g., certain sensors) and protocols (e.g.,
TCP/IP) are inherently non real-time. To orchestrate their execution alongside the
real-time components, it is crucial to isolate them such that they do not compromise the
execution of the RT units. At the same time, this isolation should allow synchronicity of
the two units, i.e., any delay should be measured and handled. This challenge is resolved
by Robotics Service Bus (RSB) [86]. RSB is a middleware that provides transport
plug-ins for the RT and the NRT components, allowing them to communicate even
if some components could be running on completely different machines or operating
systems. It also keeps track of the network delays and latencies. Alternatively, if there
are ROS nodes or stacks in the NRT unit, it is possible to use RTT-ROS-Integration as
the communication channel between the two units. This is an example of transparency
towards different technologies.
2Ports are RTT’s communication channels that allow 1-to-1 and 1-to-n connections, as oppose to ROS
for instance which opts for publisher/subscriber scheme. Ports furthermore, grant a wide range of
functionalities for queuing of the messages.
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Although the Orocos/RTT framework offers a RT environment, it still remains to
ensure the system behaves according to the developers’ intentions, both in terms of
sequencing and the orchestration of many components in complex scenarios, and in
terms of identification of faulty components, should errors occur. To this end, CoSimA
extends the Orocos framework by introducing an introspection mechanism. Introspection
function is two fold. Firstly, by extending RTT’s TaskContext, it gathers information
about specific ports, as well as the life-cycle state of the introspected components. The
collected samples are then sent over specific transports depending on the used marshallers.
Secondly, the introspection produces visualization and analysis toolbox that offer an
enhanced timing diagram enriched with data-flow information. Figure 5.3 demonstrates
an example of these visualizations for the simple walking experiment that was previously
shown in figure 5.2. The details of introspection mechanism and other RT related
intricacies of the architecture can be found in [77].
5.2.3 Addressing the Secondary Requirements
To address the secondary requirements, a larger number of functional components are
provided at different granularity levels and classified based on their operational objective.
1. Robot Models and Interfaces
Low level components wrap around the robot drivers and their simulated versions. The
exposure of identical interfaces and ports across real hardware and simulation, as well
as between different robots, is achieved through a model-based approach that resorts to
common abstractions.
The task to read and write from/to the robots’ low-level drivers, and to mediate
and broadcast the hardware related information, is implemented in a single component
named rtt_robot (cf. figure 5.4). It is parametrized w.r.t. to the URDF and SRDF
(Unified/Semantic Robot Description Format) files and is the only part of the system that
needs to be implemented according to the specific robot driver protocol or simulation
environment. Therefore, switching from simulation to the real robot or between robots,
reduces to switching a single component and adjusting control parameters or actuator
gains. It should be emphasized that adhering to identical interfaces when designing robot
specific driver wrappers could be challenging. The structure of rtt_robot for COMAN+
is briefly described in [48]. It presents examples of the challenges that the developers
face and considerations that they make when creating reusable robot components that
follow these standards.
2. Kinematic Chain Abstraction
Kinematic chain abstraction was briefly mentioned in section 4.4. Concretely, kinematic
chain abstraction, as shown in figure 5.4, is based on the robots’ URDF and SRDF
information. The URDF describes the kinematics and dynamics information of the robot
such as inertia matrices, joint locations and limits, etc. SRDF instead, encapsulates all
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(a) The data-flow of simple walking in figure 5.2 and its introspection below. 1) The
simulation component of the robot, 2) Suitable trajectories for the CoM and
the feet required for walking, 3) Naive redundancy resolution, 4) Floating based
estimation required for walking, 5) The inverse kinematics of the humanoid that
generates walking motion provided CoM and feet trajectories.
(b) This diagram shows a wrong specification, in which CoM is running in a separate
activity and is slightly misaligned to base and ik. Here, CoM is executed after
ik by means of artificial impediment, so it sends its data to the next iteration of
ik. This means that ik operates on “old” data, which causes the behavior seen
in figure. 5.2. The green lines indicate the correct data-flow, whereas the red
lines indicate the actual but wrong data transfer.
(c) Time diagram with data-flow information of the correct specification. CoM, base,
and ik are deployed in the same activity. The components are executed in the
right order and ik only receives input data that is based on the current cycle.
Short vertical lines represent output (black) and input ports with (green ≡ new,
cyan ≡ old, red ≡ no) data.
Figure 5.3: Introspectio of proper and wrong scheduling of the walking components in figure 5.2.
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Figure 5.4: Semantic analysis and kinematic chain abstraction of robot models: kinematic and
dynamic information for joints and links from URDF and semantic information like
kinematic chains from SRDF are parsed, grouped, and exposed as interfaces to different
components including the control side. Likewise, the motion engine is configured
according to the information broadcasted by the components in the semantic analysis
block. For instance, the SoT is pre-configured with suitable joint position, velocity
and torque (effort) limits extracted from the URDF. Furthermore, default tasks for
the kinematic chains extracted from SRDF can be generated on the fly, courtesy of
[66], [87]. These abstractions are shared among all components.
necessary information regarding kinematic chain structure, available sensors, and actuator
PID gains. At configuration time, these description files are parsed and appropriate
interfaces are exposed to the users (components, drivers, etc.) automatically. Resorting
to this abstraction mechanism, the developers can operate the robot based on conceptual
entities such as the right-arm instead of dealing with an n−vector of the whole body
configuration. This design paradigm not only alleviates the reusability in general, it also
complies with reusability in the scope of context aware body regulation.
3. Functional and Control Components
Leveraging on the OCL and Orocos deployment tools, a large number of components
operating on a wide range of functionalities have been developed by numerous developers
and researchers throughout the course of the CogIMon project. This includes, but is
not limited to, walking pattern generators, stabilizers and trajectory planners as well as
loggers and helper tools. These components are deployed in real or non real-time units
depending on their internal implementation.
The centerpiece of functional components is the motion engine. At its core, motion
engine implements the iHQP based SoT that was described in section 4.3 and is utilized
in humanoids body regulation evaluations. Bilateral bound constraints (such as joint
limits) are extracted from the URDF model of the robot and automatically integrated in
the solver. Furthermore, the kinematic chain definitions from the SRDF description are
used to create Cartesian tasks for all the robot chains. This accelerates the development
process considerable as the roboticists need not to deal with the derivation of Jacobians
















Figure 5.5: A bird’s-of eye of the overall architecture
Motion engine implementation is not necessarily limited to the QP formulation. It
is possible, for instance, to use the projection-based approach as well. In this regards
and with an emphasis on transparency towards the technology, an alternative motion
engine implementation is available based on a novel dynamically consistent null-space
projections [88] that even allow a smooth rearrangement of the task hierarchy at runtime.
This setup, however, requires somewhat extra manual work as integration of bilateral
constraints in projection based schemes are not as straight forward as in iHQP.
5.2.4 The Architecture as a Whole
Putting all pieces together, the main concepts of the software architecture are presented
in figure 5.5. At the configuration time the semantic analysis performed over the robot
description files create the kinematic chains. The component library provides building
blocks of the real and non real-time units. These components can be configured using
the kinematic chain abstractions (e.g., default tasks for the arms as well as automatic
generation of bilateral constrains such as joint limits). The communication between
RT and NRT is strictly performed using a middleware. Figure 6.3 in the next chapter
demonstrates a finer granularity of this structure in the scope of a real world application.
This chapter ends by mentioning an important fact. Developing wrapper components,
robot interfaces, controllers, etc. can be challenging. The problem gets further com-
plicated when these components have to adhere to unified interfaces. However, these
difficulties are rewarded by exceptionally straightforward integration process. For in-
stance, in the simulation environment for the assessment of the transparency requirements,
it was possible to deploy a walking controller on the COMAN robot even though it was
originally designed for the COMAN+ platform. For this test, the switching was merely a
matter of connecting Orocos ports to different inputs. All aspects, including different
DoF-size and structure, were handled automatically thanks to suitable abstractions,
exposure of identical interfaces and a modular design.
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6 Real World Applications of CABR
Chapter 4 discussed the theoretical background for humanoids body regulation and
chapter 5 addressed the practical implementation concerns. With that background, this
part of the thesis studies two real world case examples of CABR. First, the whole-body
standing context that was introduced previously alongside the humanoids BR in chapter 4
is used directly in a physiotherapeutic juggling application. The same context is then
scaled up to accommodate an assisted walking/joint object carrying scenario. Both
of these experiments have uses in rehabilitation with important implications for the
general public. After this small introduction, a brief motivation for humanoid assisted
rehabilitation is presented to highlight these implications.
6.1 Humanoids Assisted Rehabilitation
At the time of writing, many countries in the world are facing an aging problem and a
demographic shift. According to a report by the European Union [89], by 2020 a quarter
of the EU population will be above the age of 60. This demographic shift puts a burden
on the social service workers and the tax payers. Additionally, the same aging problem
will impact the healthcare providers themselves which in turn aggravates further the
issue.
Figure 6.1: The growth of the EU population over the age of 65 between 2008 and 2018. This
trend is expected to continue and it is not necessarily limited to the EU (e.g., Japan).
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In parallel, thanks to advances in medical science, there are increasing number of
patients surviving medical emergencies, such as stroke, who are left with minor to
severe functional motor impairments, and other patients with motor impairments like
cerebellar ataxia. The changing demographics and increased number of patients surviving
emergencies, together, heighten the demand for case specific physiotherapy procedures
that aim to enhance their functional ability and renew their involvement in daily life.
Among the treatments for age related complications are physiotherapeutic juggling [90]
where the patient and the therapist throw a light weighted ball back and forth. These
exercises are shown to be motivating, challenging and can induce brain plasticity [91],
[92]. They also have positive impact for brain stroke patients and those suffering from
Parkinson’s disease [93].
To be effective, such physiotherapy procedures have to employ an intensive intervention,
which is demanding, task-specific and motivating and is primarily based on rote exercise.
Often such rehabilitation therapy involves daily one-on-one interactions with the therapist
and can last for extended periods of time. Overall, the physiotherapy process places a
significant load on the therapists and the healthcare providers.
A possible solution to mediate this problem is using robots in the rehabilitation field.
However, in the particular case of physiotherapeutic juggling practice, the direct use of
humanoids poses several challenges. The current humanoids are not yet cost effective,
and more importantly, nor are they reliable enough to be deployed, particularly to the
members of the society with the need for special care. Virtual reality is an intermediate
solution that lessens the burden on the therapists and exploit the humanoid potentials.
In VR, the robot is reliable, predictable and never suffers from overheating or other
complications related to excessive use of hardware. Furthermore, the VR headsets are
becoming more affordable on daily basis as a result of a large scale use in the entertainment
industry. It is crucial though that the dynamics and physics of the robot motions are
consistent and they are rendered to the patients with no perceivable delay.
There are already some ongoing research on adoption of VR in physiotherapy with
human avatars [94]. Using a simulated robot instead of a human avatar is based on three
considerations. Firstly, the uncanny valley [95] problem remains an unsolved issue when
human face and body is depicted. For a humanoid robot on the other hand, mechanical
motions and unhuman postures are perfectly acceptable. Secondly, there are some studies
that suggest in certain cases, children respond positively towards robots compared to
humans (avatars) [96]. Lastly, using humanoids constitutes an intermediate steps towards
more prominent application of robots in rehabilitation. VR in this regards, acts as a test
bed to identify potential problems and assess applicability of humanoids.
While the physiotherapeutic juggling in VR is at a stage that can be used by real
patients, there are other possibilities to exploit humanoids for rehabilitation that are
not still at a readiness level to be deployed to the general public. However, there are
intermediate steps being made towards such applications [76]. An example of these early
stage scenarios are assisted walking and joint object carrying.
They are motivated similarly by the increased demand in the domestic care domain.
In assisted walking the robot should be able to understand and detect the human
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counterpart’s intention and react accordingly by making suitable motion, often in the
form of taking steps. Although exposing the elderly to humanoids is not yet reasonable
due to safety concerns, the research in this field is justified as it provides insight about
the nature of non-verbal communications, interactions, and intention detection.
Intention detection and reaction in loco-manipulation has been approached from two
distinct angles: i) focusing on the locomotion by designing specific walking pattern
generators; ii) addressing the problem from the interaction quality point of view.
In the first group there are most notably the works in which a walking pattern generator
is tailored to respond to human intentions by performing suitable steps [97]–[99]. In this
camp the intention detection is often achieved by measuring the interaction forces from
wrist mounted force/torque sensors. Thus, the interactions must occur downstream of
the sensors.
In the second camp, where the focus is more inclined toward interaction and intention
detection, the problem is often tackled by using external sensors. For instance, the human
counterpart’s motive is interpreted using verbal communication in [100], by exploiting
computer vision in [101], and by designing a cost effective tactile sensor [102]. Although,
the last work is mostly intended for industrial manipulators. Alternatively, the humans’
intents can be recognized by machine learning and classification techniques, for instance,
in [103]. Later in this chapter, a new context named whole-body loco-manipulation is
presented by scaling up the whole-body standing context. This new context incorporates
another form of intention detection that falls into the second group and is based on the
aggregated manipulabilities of the humanoid’s arms.
6.2 Case Study 1: Whole-Body Standing Context and
Physiotherapeutic Juggling in VR
Recall the whole-body standing context where a humanoid is standing still, maintaining
its dynamic balance and attends to Cartesian tasks with its either or both arms. In
section 4.5 this context was used to throw a light weight ball. The stack of task for such
a motion is revisited in figure 6.5.
The same SoT can be used for physiotherapeutic juggling. This fact, demonstrates
one of the fundamental aspects of context abstraction: a single context present multiple
applications of similar nature. This observation, however, is dependent on another
fact. For the new juggling application, the trajectories for the throwing arm is no
longer provided from a trajectory generation module. Instead, the trajectories for the
therapeutic juggling were obtained by tracking professional therapists throws first, and
then reshaping and retargeting [104] them for humanoids. Regardless of the input source
of the throwing trajectories, the SoT is remained unchanged, which once more signifies
the importance of separation of concerns and input agnosticity.
The retargeting phase ensures that desired end-effector trajectories mapped from
the human, respect the robot’s workspace limits (cf. figure 6.2). Moreover, the actual
recordings from the therapist can be used for low level joint space redundancy resolution
input of (4.22) as sub-BR to mimic a human-like motion.
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A. Retargeting human trajectories
B. Retargeting ball trajectories
Figure 6.2: Trajectory retargeting workflow consists of three major steps: A. Human captured
kinematic trajectories for the robot; B. Offline reevaluation of motion using robot
constraints and the retargeting of the ball trajectory; and C. Machine learning of the
mapping from ball trajectory parameters to parametric space of kinematic motion
primitives for generative motion synthesis.
In order to keep the users engaged, the interactions with the simulated robot via virtual
reality goggles should be natural and physically consistent. This requirement implies that
the robot needs to be dynamically simulated which in turn, as it was shown in figure 5.2,
demands real-time communication among the components. However, the communication
with the VR headset is inherently non real-time. This challenge is resolved by the
transparent software architecture described in the previous chapter. Figure 6.3 depicts
the CoSimA setup for the physiotherapeutic juggling.
6.2.1 Integration of VR
A bird’s-eye view of the architecture by considering a single iteration of the throwing of
a ball in the physiotherapy application is seen as follow. Depending on the specific needs
of the patient based on their physique and the nature of their therapy, the therapist
selects a throw point for the ball via the VR agent in the non real-time unit. The
RSB middleware communicates this point to the trajectory generation component in
the real-time unit. Note the strict separation of RT and NRT loops. This component
computes an end-effector trajectory for the arm of the robot (or any other appropriate
kinematic chain for that matter) which determines the desired interception point of the
ball by the patient, and sends its results to the Motion Engine over Orocos/RTT ports.
The motion engine, equipped with the kinematic chain abstraction information, solves the
differential kinematics problem taking into account the joint position and velocity limits
of the chain provided by URDF/SRDF, and Cartesian constraints gathered by the context
and the task specifications. Solving the SoT, the desired joint motions are sent to the
robot drivers, or in this case to the simulator which exhibits the same kinematic chains
interfaces. All components within the RT unit receive the robot’s feedback state (qs)
directly. The simulation time or the robot’s internal clock is considered as the reference
clock and other components synchronize their execution with it using RTT’s TimeService.
Concurrently the robot’s feedback and clock are sent to the NRT components indirectly,
via RSB where the robot motions are rendered for the patient by the VR headset. The
robot service bus tracks all the network latencies and delays, and informs the components
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Figure 6.4: Experimental results from physiotherapeutic juggling in VR: Left: a volunteer patient
performing the catching exercise alongside snapshots of the view through the VR
goggles. On the right, the results of 10 consecutive throws on the top, and the response
time of the iHQP solver on the bottom, are depicted. Note that these trajectories
are different from those of figure 4.7. They are substantially shorter in range to
accommodate the physiotherapy demands.
on either side if their functions might be affected by imprecise NRT responses. RTT’s
port system offers mechanisms that enables the components to conditionally act if the
received data is old, new or buffered.
6.2.2 Physiotherapeutic Juggling with Patients
With this setup, the whole experiment was first conducted with healthy laboratory staff
to gather their feedback regarding VR-assisted robot interactions. This phase aimed
at assessing the quality of the body regulation, comfort level when using virtual reality
googles, and evaluating the feasibility of the throwing/catching exercise before exposing
the setup to the real patients. Upon the positive feedback from the healthy users, a
volunteer patient was introduced to the training as shown in figure 6.4. The volunteer
had performed similar juggling exercise in VR before, however, with a human avatar.
Despite not being acquainted with a humanoids previously, the patient quickly became
familiar and comfortable with the setup after only few throws. Although, the impact of
previous experience with the human avatar on the success rate cannot be disregarded.
The repeatability test as seen in figure 6.4 shows reliability of the control scheme.
Small deviations in the landing point of the ball are due to the variations in the physics
engine randomness and its impact on the robot’s spawn location and the simulated release












Figure 6.5: Stacks of tasks for humanoid contexts. In loco-manipulation, the sole tasks are inserted
as constraints in order to achieve better computational performance, although this is
an implementation specific optimization.
mechanism —which for the purpose of therapy practice is a welcomed side-effect since it
mimics human throws’ imperfections.
6.3 Case Study 2: Whole-Body Loco-Manipulation
Context and Assisted Walking
A more realistic, technically challenging case is the BR in whole-body loco-manipulation
context.This context is distinguished by the humanoid walking while performing a
manipulation task with hands and possibly attending to other objectives. As shown in
figure 6.5 the SoT is quite similar to the previous context. Indeed, this SoT is obtained
by scaling and reusing the BR from the whole-body standing context.
Many human-humanoid interactions can be presented by this context, e.g., cooperative
bi-manipulation, hand-in-hand movements, and so on. This setup presents another
similar application. Consider the robot and the human, that instead of their hands, are
connected by a rigid object such as a table top. This can be viewed as an application in
joint object carrying. Note how the same context presents different applications. The
hand-in-hand motion is studied here as an intermediate step towards the realization of
assisted walking with humanoids.
Given that this context involves walking, it is convenient to reconsider the generalized
coordinates of the humanoid robot. Hence, the generalized coordinates of a humanoid
robot with n degrees of freedom can be defined as the vector of joint values qj and the
position and the orientation of another link or body. This does not create any conflict or
inconsistencies with previously introduced notation. Indeed, all aspects of the iHQP and
the SoT hold in this notation, however, it is necessary to introduced a selection matrix
that isolates the actuated joints when commanding the robot. Consider the configuration
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where qCoM ∈ SE(3) is the pose of a frame attached to the center of the mass of the
robot and qj ∈ Rn are the actuated joints. The configuration space of the robot, hence,
is q ∈ R6+n.
The notation laid out so far is conveniently independent of the desired input for all
kinematic chains. This serves CABR well since different WPGs can be employed in the
loco-manipulation context. Consider the motion scheme of a generic WPG as
x̂k+1 ←WPG(x̂k)← ẋ∗CoM, (6.2)
ẋ∗CoM = f(qS ), (6.3)
where x̂k is the current system state as described, for instance in [106], [107]. The latter
work is used in the experiment of this context. The WPG takes the desired walking
direction in forms of the velocity of the center of CoM input and computes the next
system state (k + 1).
6.3.1 Intention Detection in Human Interactions
Both joint object carrying and assisted walking depend on i) assessing the interactions,
ii) detecting the human’s intention and iii) reacting accordingly [48]. Previous section
named few approaches of intention detection such as verbal communication or relying on
additional sensors. Here, the impedance properties of COMAN+ are exploited to handle
intention detection in a new fashion. Furthermore, tackling this problem using intrinsic
characteristics of the robot at a kinematic or dynamic level, not only allows seamless
integration of any humanoid regardless of its structure, it also eliminates the dependency
on external sensors which might not be offered by some platforms.
The heuristic used here is inspired by humans’ behavior in similar situation. Consider
two persons carrying a table top, one assuming the leader role and the other the follower.
Also consider there are no verbal or visual communications. Thus, the only way of
responding to the leader’s intentions are by interpreting their interactions. If the follower
has fully stretched arms, probably it is necessary to make a step forward. Similarly, when
the follower’s arms push inwards, or pulled to the sides, it signals the leader’s movement
towards the follower or to the sides respectively.
The function f in (6.3) maps the robot’s state q
S
= {q, q̇, q̈, τ , . . .} into suitable inputs
for the WPG. The problem of detecting and reacting to the human’s intentions and
interactions then reduces to obtaining a suitable definition of f , which is related to the
singular values and the left singular vectors of the robot’s arms Jacobians, obtained from
6.3 Assisted Walking 83
their SVD. Recall the SVD of a kinematic chain from (1.2) as
Jarm = UΣV∗,
U = [u1,u2, . . . ,um],
V = [v1,v2, . . . ,vn],









and the volume of the velocity manipulability ellipsoid as






(2π)m/2 · (2 · 4 · · ·m)−1 if m is even,
2(2π)(m−1)/2 · (1 · 3 · · ·m)−1 if m is odd.
(1.5 revisited)
Take the motions on transverse (horizontal) plane by considering the first two rows of
the Jacobian (m = 2, cv = π). The left singular vector (um) associated with the smallest
singular value (σm) signals the direction where the robot is least capable of generating
velocities on the XY plane. The um, σm of each arm, as well as the volume of the
manipulability ellipsoid v, are utilized to compute suitable velocities for the CoM as
control input for the WPG according to (6.2).
For many anthropomorphic arm mechanisms with shoulder-elbow-wrist structure —
which includes common humanoid arms— one of the singular configurations is a fully
stretched arm. Consider the robot with almost fully stretched arms. Such near singularity
configurations could be handled by a suitable forward step that decreases the condition
number ( σ1σm ) of the Jacobian.
With this consideration, the function f in (6.3) can be verbally described as follow:
Observe the manipulability v of each arm and when it hits a threshold vd, command the
WPG to take a step based on um, σm in a direction that brings v back into a safe range









, if (vR ≤ vd) ∨ (vL ≤ vd),
0, if (vR > vd) ∧ (vL > vd).
(6.4)
In (6.4), super-scripts ‘L’ and ‘R’ denote the left and the right arms. This concept is
depicted in figure. 6.6b.
6.3.2 Considerations on Intention Detection Function
Alternative definition of f : It is tempting to define the function f as the distance
between the robot’s waist (or other suitable points) and the bisection point of an imaginary
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(a) Incompleteness of distance as heuristic (b) Simplified representation of f
Figure 6.6: (a) Infeasibility of distance as f : the configurations shown in black and red are within
the same distance to the torso, however, the red configuration clearly requires a
forward step to the left while the robot in black configuration should remain unmoved.
(b) On top, manipulability ellipsoid of a simplified model of the robot arms alongside
the semi-axes are shown. The red axes show the singular vectors related to the
smallest singular values. On the bottom, these axes are scaled by the inverse of σm
(projected at the base). The sum of the two shows the walking direction indicated by
the green arrow.
line connecting the arms’ end-effectors. As is shown in figure. 6.6a, this is an incomplete
measure as it fails to distinguish between vastly different configurations.
Exploiting the arms’ manipulability offers another advantage compared to the use of
wrist-mounted sensors. Relying on the wrist sensors implies that the interaction must
happen downstream of the sensors, however, the arms’ manipulability as the basis of the
intention detection function allows the interactions to happen at any point on the arms.
Relationship to joint velocity limits: An important implication of (6.4) is in its
relationship to joint velocities. Consider two configurations q1 and q2, the first one
with suitable manipulability (v1 > vd) and the second one with significantly smaller
manipulability v2  vd. If reacting to human interaction requires certain joint velocities,
it is possible to show that ‖q̇2‖  ‖q̇1‖ and in near singular configurations ‖q̇2‖ will
most likely violate the joint velocity limits. Choosing vd in (6.4) conservatively makes
sure that robot will take a step before it reaches a state that would result in joint velocity
violation. Indeed, vd dictates the robot’s agility in reacting to the interactions (large
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values mean the robot reacts sooner while with smaller values, the robot will linger before
committing to a step).
Addressing the backward steps: An important issue to address is the problem
of detecting the necessity of backward steps. This problem is tackled by exploiting
the volume of the force manipulability ellipsoid (σ1 · um)−1 according to (1.7). The
rationale is that with arms stretched away from the body (which requires a forward
step) the robot has a higher force transmission factor while at configurations with similar
velocity manipulability but closer to the body, the arms have a smaller force transmission
characteristics. Force manipulability index is not directly used here, rather it is exploited
as an indicator for deciding whether to step forward or backwards. Alternatively, it is
possible to use the time derivative and the rate of change of singular vectors, taking into
consideration the orthogonality constraints of the components [108].
6.3.3 Postural Regulation
Similar to the previous context, postural regulation governs the waist’s Cartesian orien-
tation. However, in this case a low level postural task attempts to align the lower and
the upper body of the robot by explicitly regulating the yaw angle of the waist. This
angle, denoted by θ in figure 6.6b is controlled by
ω = ẋ∗CoM − 〈ẋ∗CoM, n̂〉 · n̂, (6.5)
qW [z] = atan2(ωy, ωx), (6.6)
where ω is the projection of the CoM desired velocities on the horizontal plane denoted
by n̂ = (0, 0, 1)T and the waist’s yaw is regulated by (6.6).
The significance of keeping the angle θ under control results from the hybrid nature of
interaction and locomotion. That is, the robot is under interaction continuously, however,
the stepping reaction takes place discretely at step-duration intervals. Regulation of
the waist in (6.6) allows the robot to respond to the interactions continuously and its
upper/lower body alignment is recovered within multiple steps. Being included as a low
priority task ensures the convergence happens at a slow pace, imitating the humans’
response in similar situations.
6.3.4 Stabilization of the CoM
The WPG in this context generates desired trajectories for the CoM as well as the swing
feet, however, given the uncertainties arising from the nature of human interactions, the
unstructured environment, and the simple model assumption it is necessary to add a
stabilization term to the CoM trajectories.
Consider the linear inverted pendulum model [109] of a humanoid. Since the motion of
the CoM is restricted to the XY plane by the WPG, the model reduces to the cart table
model [106] depicted in figure 6.7. By introducing a spring-damper mechanism some of
the problems resulting from the uncertainties can be alleviated. The ZMP is computed
based on [110] from the readings of the ankle mounted force/torque sensors.
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RealDesiredReference
Figure 6.7: Cart table model with stabilization. First
consider the classical model without the stabilizer de-
noted by the black dotted box. If the CoM remains
fixed, the table (robot) will tip over. However, if the
cart is accelerating fast enough, the table remains sta-
ble even though the projection of the CoM is outside
of the support polygon. The stabilizer adds a spring
damper system that regulates the system according
to real, desired, and reference CoM coming from the
WPG to handle simplified point mass model inconsis-
tencies as well as imperfections resulted from human
interactions.
The derivation of the stabilizer and its mathematical analysis are not relevant to this
thesis and their details can be found in [111]. It is mentioned here to point out once
more the significance of the separation of concerns in CABR. The context identification
and body regulation planning should be done independent of the implementation. In
this case for instance, the body regulation is independent of the techniques governing the
CoM. Reusing the scaled context of previous section would have been impossible if the
task and control scheme were entangled.
6.3.5 Empirical Evaluation of the Loco-Manipulation Context
The evaluation of BR for loco-manipulation context involves close interaction between
the robot follower and the human leader. The test platform was COMAN+ controlled in
real-time. Details of the software architecture in charge of this and the previous scenario,
alongside the robot hardware interfaces are detailed in section 5.2. The iHQP based
SoT was implemented in OpenSoT [66] which internally uses qpOASES [112] as the QP
solver. This solver employs an online active set strategy to solve model predictive control
problems [113].
Figure 6.8a depicts the hand-in-hand locomotion scenario setup. The robot’s arms
are in joint impedance mode and comply with user’s motion. At each control cycle, the
function f computes walking parameter and sends them to the stack of tasks. The scenario
involves the human counterpart moving and the robot following by performing suitable
forward or backward steps. The block-diagram of this scheme is shown in figure 6.9. The
threshold of each arm in (6.4) is selected as vd = 0.5. As mentioned previously, selecting
a less conservative value makes the robot less reactive and vice versa. The evolution of
manipulability of the arm throughout the experiment is depicted in figure 6.10. The user
interactions change the robot’s manipulability and when the manipulability of either
arms (in this case the right arm is shown) hits the threshold vd, the robot makes a step.
It is clear from the figure how the steps constantly brings the manipulability above the
threshold, consequently responding to human’s intentions. Moreover the steps ensure the
arms’ Jacobian degeneracy is avoided. The performance of the iHQP based SoT can be
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observed in figure 6.8c. Despite the constant disturbances by the human counterpart,
the error of the CoM position shows excellent tracking performance.
6.4 Discussion of the Results
This chapter demonstrated the CABR in real world applications and tested its claims in
practice.
The whole-body standing context presented a physiotherapeutic juggling application,
demonstrating the notion of “contexts present multiple applications” in action. The BR
of this context was based on the optimization of the posture to allow better throws while
maintaining an overall human-like motion. As was stated before, human-likeness is not
easily quantifiable, however, the user experience reported by the patients could shed
some light on this corner.
The overall patients’ feedback were highly positive, they were able to catch balls
frequently and showed the desired training effects. The positive user experience regarding
the interaction —at least indirectly— signals reasonable human-likeness on the robot
side. This claim is supported by the fact that most of the people tend to negatively
react towards unnatural and/or uncanny visual elements [95]. These results, moreover,
encourage further research in humanoid based physiotherapeutic juggling. Moving towards
this goal, more validation is being made [50] as the first step in order to eventually conduct
a comprehensive user study of many patients.
In assisted walking and joint object carrying, other aspects of CABR were put into
the test likewise. The whole-body standing context was scaled up well to the whole-
body loco-manipulation context, and the stack of task was reused with minimum effort.
The reusability was achieved, in part thanks the separation of concerns that makes
no assumption regarding the tasks (e.g., same tasks but controlled from completely
different inputs). Kinematic chain abstraction also had a major role in the smooth
reusing experience. Note that the reused stacks of tasks are in fact shared among two
different robots, However, the differences between the two platforms are encapsulated
from the users’ views.
The deployment of the second scenario also highlights some of the strengths of the
CoSimA framework. COMAN+ robot uses XBot [87] to control its actuators. CoSimA’s
component library is mainly consists of Orocos components and the computation of
arms’ manipulability could be1 non real-time. The reasons that roboticists have to find
themselves in situations like this where they have to deal with a mixture of potentially
incompatible solutions is not relevant to the scope of this thesis2. What is relevant,
however, is the fact that CoSimA is able to provide mechanisms to integrate all these
assets and compose a working setup in a very short amount of time. The physical
interaction with the robot is predictable and mimics the behavior of a human in similar
situation, although, there is still some room to improve the backward steps.
1Some implementations of SVD are real-time but most of them are in fact not real-time.
2There are indeed serious efforts to mitigate this problem, e.g., [114]
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(a) Assisted walking with COMAN+ (b) Stabilized WPG
(c) Error of Position of CoM
Figure 6.8: Loco-manipulation context experiment. (a) Experimental setup where the user’s
intention is detected based on the robot’s arms manipulability; (b) The stabilized
trajectories from the WPG; (c) Tracking error of CoM demonstrate the performance
of iHQP based SoT. The double excursions on the y-axis is a natural occurrence in
humanoids walking motion resulted from the lateral swings of the body.
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Figure 6.9: Feedback from the robot consists of joint positions and velocities, as well as wrenches
computed from ankle mounted force/torque sensors. The former is used to compute
the desired walking direction where the outcome is sent to the WPG while the latter
is fed to the stabilizer which corrects the WPG output.
R.A. Force. Man.
Walking Direction
Figure 6.10: Evolution of manipulability of the right arm (R.A.) during the loco-manipulation
experiment. Left: Manipulability and vd threshold during the walk. This figure
demonstrates how a sequence of steps increases the manipulability and keeps the
Jacobian away from degeneracy. Right: forward, backward and in-place steps
(indicated by +1,−1 and 0) are selected based on the force manipulability of the
arm. Note that the blue dashed line has a different range and here is scaled and




Advancements in hardware, software and control have enabled the emergence of redun-
dant manipulators and highly dexterous humanoids capable of handling multiple task
simultaneously. As most of the attention in academia and industry has been attracted by
the primary tasks, resolving the secondary and lower level tasks has often been done in
application specific and tailored fashions. This thesis argued that the tailored approach
can no longer serve the needs of the modern era of robotics and called for an alternative
strategy for handling the secondary tasks, namely, context aware body regulation.
The thesis introduced the concept of contexts in the robotics domain as a collection of
abstract tasks that present reoccurring robotic situations semantically. It also studied
four contexts that were selected to highlight some of its features. Furthermore, for all
the introduced contexts several body regulation schemes were derived and the whole
scheme was tested in several real world applications with state of the art manipulators
and humanoids. The derived body regulations not only served the CABR, but they are
also fully applicable stand-alone outside the scope of the thesis.
On Reusability, Scalability and Composability
CABR not only is scalable, it also features reusability and composability of body reg-
ulations and contexts. The scalability was exhibited throughout the thesis in several
situations where the contexts and body regulations were based on existing ones. For
instance, the postural regulation in the whole-body standing context required a relaxed
constraint for one Cartesian rotation of the waist while the loco-manipulation context
scaled the same policy to govern the same orientation by adding a low level task. The SoT
itself was the scaled version of a simpler stack of task. Additionally, the scalability reflects
an important aspect of the CABR in a bigger picture. The paradigm as a whole, thanks
to its abstractions and the complementary software architecture, is very adaptable and
easily adjustable for accommodating new contexts, body regulations and applications.
The reusability criterion was demonstrated empirically in several cases throughout this
dissertation. The stack of tasks was shared (reused) between the whole-body standing and
loco-manipulation contexts. At a finer level, the individual BR for the tasks also benefited
from the reusability. In the humanoids contexts, for instance, the body regulation for
the balance was identical among the two stacks of tasks. This was indeed possible due
to an application-agnostic definition of the tasks. Furthermore, the kinematic chain
abstraction allows the body regulation of a manipulator to be applied to a humanoid’s
arm. For instance, the stiffness adaptation based on the manipulability index (used in
chapter 3 in a pHRI-like context) can be directly applied to the COMAN+’s arms in
the loco-manipulation context involving assisted walking similar to figure 7.1. That is,
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the arms get stiffer when the manipulability is reducing and the robot takes steps when
necessary. This mimics similar reactions when two humans are engaging in joint object
carrying and the follower cannot catch up and signals the leader with resistance to their
moves.
Composability principal is also evident in the stacks of tasks as formulated in humanoids’
body regulation. In chapter 4, a set of generic tasks without any specificity for a particular
platform or application were defined. These tasks were then composed to form the stacks
of tasks. Note that these tasks can be composed in any other meaningful fashion and
still be applicable since they are not tailored. Another aspect of composability is in using
two body regulations for one task. For instance, in the physiotherapeutic juggling, the
rotation constraint of the waist was relaxed so that it can contribute to better throws.
Additionally, the actual throws by the human were composed on the top of that as a low
level joint space redundancy resolution to mimic the motions of the human arm.
There is a delicate balance between the three features of the CABR and the applicability
of the whole scheme in real world applications. This balance is dictated by the abstraction
level that a context exhibits alongside its granularity level. If a context is too abstract
it can be easily extended to more specific contexts, however, it no longer fits in any
meaningful scenario. Conversely, a context that is defined too concretely accommodates
a specific application easily but it cannot be shaped to address similar situations.
The Component Based Software Architecture
Context aware body regulation alone cannot offer any of its features if not paired with
a suitable software solution. To this end, an accompanying component based software
architecture was also introduced. The architecture, thanks to the inherent properties of
the component based systems, facilitates the reusability and accelerates the development.
The transparency and reusability aspects were lifted to a higher tier by providing semantic
abstractions that present the robot in terms of kinematic chains, encapsulating underlying
structures. The architecture is not solely useful in the scope of this thesis. In fact, CoSimA
has been used in numerous robotic applications within the CogIMon project1 and CABR is
one of its many users. Its toolset contains many robots, motion engines, and components
and it is growing constantly.
Component-based software engineering had another contribution to CABR. The con-
texts, being composed of multiple tasks describing a functionality larger than individual
constituting tasks, resembles the higher operational level of components compared to
their internal classes and objects. This is no coincidence since some of the aspects of
CABR were inspired by the component based software engineering, most notably the
context definitions and the reusability of regulations.
Future Research and Possible Extensions
The CABR can be extended by following multiple future research paths. The contexts
and the body regulations of humanoids in the force/torque control domain remained
1https://cogimon.eu/biblio contains these works and other CogIMon publications.
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Figure 7.1: Potential scaled up SoT for loco-manipulation context: Leveraging on the existing
assets such as reuse of the stiffness adaptation schemes, composition of body regulations
and kinematic chain abstraction, it is possible to scale up the body regulation of
loco-manipulation context to include impedance adaptation to further emulate a
human like behavior.
untouched in this thesis. Given that the humanoids field offers a rich body of research
in iHQP and SoT in the torque domain, extending the catalog of contexts and their
appropriate BR to the torque and acceleration levels is the most immediate extensions of
this work.
Another interesting research question revolves around the body regulation planning
phase. So far, this was done based on the expert knowledge and analysis. However, the
study of body regulations for the four contexts reveal some facts that can facilitate the
planning phase. In three contexts the manipulability, an instantaneous measure, formed
the basis of the BR. Note that in all the three cases, the nature of the context was
dominated by the instantaneous motions. This hints that the nature of the context could
point towards the appropriate BR. Similarly, for the environmental contact context, the
prominent task within the context was about exerting forces by the EE. Consequently,
the appropriate body regulation was revealed through analysis of the forces acting on
the body. Whether the nature of the context can predict/hint the essence of the suitable
body regulation or not, is a question that demands further investigations.
Context awareness is a concept borrowed from computer science and here it was altered
to a definition that suits the purposes of this thesis. However, there are some notions in
the original definition that could benefit the presented concepts. For instance, the context
awareness in mobile communication automatically changes the behavior of devices when
the context changes. In a similar fashion, a possible extension of the current framework
is to be able to transition from a context to another smoothly and adjust the body
regulation accordingly.
The software architecture’s extensions are along two paths. CoSimA itself as a
standalone framework will expand its component library and the list of integrated robots.
It was mentioned this thesis benefits from and contributes to CoSimA. Hence, the
additions to the BR library are extensions of CoSimA and vice versa. The second
future branch for both CABR and CoSimA is in direction of domain specific languages
and stronger focus on the model base approach. Leveraging on the features of models
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in a domain specific language, certain aspects of CABR can be improved and some
challenges can be mitigated. Consider the case of compatibility check when composing
body regulation schemes. This is one of the shortcomings of the CABR in its current
shape and form. Take the second priority level in figure 7.1-right as an example. Here
two body regulation schemes are aggregated together forming a composed BR, however,
how does one ensures about the compatibility of the two individual tasks?
For well established problems there are relatively clear composition rules. For instance,
composing the manipulation task at a higher priority over the balance tasks in a humanoid
context is problematic and the users can be notified about it (in such a hierarchy the
manipulation task could compromise the balance). Furthermore, CoSimA (in general
and not specific to this work) deals with other forms of compatibility checks thanks to
its integrated data-structures. That is, by defining model based data-types it ensures the
component composition sanity at a software level. For instance, instead of an array of
size 6, CoSimA uses Wrenches which consist of Forces and Torques. A component that
exposes a port which writes out Wrenches cannot be connected to a component that
accepts Twists. If standard array type were used, such composition would have been
possible. The third way that compositions can be checked which is part of the future
works is to deploy a data-sheet alongside each BR component. Deploying data-sheets is
a common practice in model based approaches [115]. Such data-sheets can be patched
to contain composition rules which prohibit or provide early feedback to the system
engineers should they attempt to make error prone compositions. This will be most
useful when the other two approaches mentioned above are not applicable or fail to notify
the users (i.e., there are no clear rules and the types do match). Nonetheless, the expert
knowledge should be injected when drafting composition and reusability guidelines within
these data-sheets. Consequently, identifying criteria and patterns of compatibility and
synergy among body regulations is vital.
Final Notes
CABR heavily invest in abstractions, in-depth analysis of body regulations, and principles
of modularity and separation of concerns. The initial investment in time and analysis
will eventually pay off by reducing the development time, by creating robust systems
that respond predictably and by offering a path to exploitation of the full potentials of
the humanoids and redundant robots.
For the environmental contact context, the dissipation of reaction forces was analyzed
in detail. In the process, it was discovered for the first time, that not every secondary
contact is a good contact. In stiffness adaptation user study, the detailed analysis of users,
robot, and sensor feedback revealed difficulty regions of the work-piece, a knowledge that
has important implication for humans’ physical health. As the proverb goes: “the devil
is in the detail”. CABR subscribes to a methodology that practices rigour, diligence,
and attention to the detail. Although CABR offers many advantages and benefits it
still has room to improve. Nonetheless, discovering these new facts and gaining new
knowledge about such interesting phenomenon makes the Context Aware Body Regulation
of Redundant Robots worthwhile.
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Related References by the Author
This thesis is based on a number of peer reviewed papers by the author during the doctoral
research. In the following, these papers alongside the contribution of each publication
to this thesis are briefly described. Furthermore, the candidate has coauthored two
more publications during the master’s studies. Provided that these two papers establish
notations that are reused in the humanoids body regulation in chapter 4, they are listed
here with their contributions likewise.
Additionally, another journal paper is currently prepared and is ready to be submitted.
This paper contains the results of the user study and different aspects of impedance
adaptation as described in chapter 3. The prepared manuscript is expected to be published
in a journal or a special issue on physical human robot interaction.
[76] P. Mohammadi, E. M. Hoffman, N. Dehio, M. S. Malekzadeh, M. Giese,
N. G. Tsagarakis, and J. J. Steil, “Compliant humanoids moving toward
rehabilitation applications, Transparent integration of real-time control, whole-
body motion generation and virtual reality for compliant humanoids”, IEEE
Robotics & Automation Magazine, vol. 26, no. 4, pp. 83–93, Dec. 2019. doi:
10.1109/MRA.2019.2940970
This journal paper is the cumulative result of humanoids in rehabilitation field
research. The empirical evaluation of the whole-body standing and whole-body
loco-manipulation contexts, physiotherapeutic juggling, and assisted walking
are presented in this paper. The author had major contribution in writing,
performing theoretical analysis and conducting the experiments.
[48] P. Mohammadi, E. M. Hoffman, L. Muratore, N. G. Tsagarakis, and J. J. Steil,
“Reactive walking based on upper-body manipulability: An application to
intention detection and reaction”, International Conference on Robotics and
Automation, pp. 4991–4997, May 2019. doi: 10.1109/icra.2019.8794309
The contribution of this paper and the author is the mathematical derivation
and implementation of the intention detection in assisted walking and joint
object carrying scenarios. This work creates the foundation that the whole-
body loco-manipulation’s BR is based upon. The intention detection function
is used with an existing walking pattern generator on the COMAN+ robot
to empirically prove the validity of the analysis. Furthermore, this paper
formalized the notion of kinematic chain abstraction.
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[11] P. Mohammadi, D. Kubus, and J. J. Steil, “Exploiting environment con-
tacts of serial manipulators”, IEEE International Conference on Robotics and
Automation, pp. 197–203, May 2019. doi: 10.1109/icra.2019.8794027
In this paper the concept of contact exploitation is introduced. It is the
foundation of the body regulation scheme introduced in chapter 2. By rigorous
physical and mathematical analysis of the forces acting on the robot in dual
contact situations, this paper proved for the first time that the intuitive
assumption that every contact is a good contact, is wrong. The author
contributed to both theoretical analysis and real robot experiments.
[50] J. Kodl, A. Mukovskiy, P. Mohammadi, M. Malekzadeh, N. Taubert, A.
Christensen, T. Dijkstra, J. Steil, and M. Giese, “Online planning and control
of ball throwing by the humanoid robot COMAN and validation exploiting VR
in rehabilitation scenarios with ataxia patients”, in In Proc. of CYBATHLON
Symposium on Assistive and Wearable Robotics, May 2019
The results of VR assisted physiotherapeutic juggling with ataxia patients are
validated in this paper. The author’s contribution to this work is limited to
providing a working prototype of the full setup that was used in the validation
process.
[77] D. L. Wigand, P. Mohammadi, E. M. Hoffman, N. G. Tsagarakis, J. J. Steil,
and S. Wrede, “An open-source architecture for simulation, execution and
analysis of real-time robotics systems”, IEEE International Conference on
Simulation, Modeling, and Programming for Autonomous Robots, pp. 93–100,
May 2018. doi: 10.1109/simpar.2018.8376277
The simulation and timing aspects of CoSimA framework are introduced in
this paper. The author implemented a walking simulation that was used for as
the test bed for CoSimA. Furthermore, the author was also heavily involved
in the implementation of the whole framework as one of the lead developers.
This paper has a major contribution to the thesis as it is the basis of the whole
software architecture. Most notably, the introspection mechanisms, the timing
aspects, separation of concerns and the transparency are all addressed in this
work.
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[49] P. Mohammadi, M. Malekzadeh, J. Kodl, A. Mukovskiy, D. L. Wigand,
M. Giese, and J. J. Steil, “Real-time control of whole-body robot motion
and trajectory generation for physiotherapeutic juggling in vr”, IEEE/RSJ
International Conference on Intelligent Robots and Systems, pp. 270–277, Oct.
2018. doi: 10.1109/iros.2018.8593632
In this paper the physiotherapeutic juggling in VR as an alternative form of
rehabilitation is introduced. The contribution of this work to the thesis is two
fold. Firstly, it studies suitable body regulations (e.g., waist constraints, cf.
section 4.5.1) for throwing motion. Secondly, it outlines the basic structure of
an architecture which incorporate real and non real time components. The
author contributed to the implementation of the stack of tasks for throwing,
different body regulations and integration of the COMAN simulation and the
rest of the system architecture.
[34] S. Gopinathan, P. Mohammadi, and J. Steil, “Improved human-robot inter-
action: A manipulability based approach”, IEEE Workshop on Ergonomic
Physical Human-Robot Collaboration, Jun. 2018
In this workshop submission the primary concepts of stiffness adaptation
schemes are outlined theoretically. The effectiveness of these approaches were
then tested in the user study mentioned in section 3.3. The results of the
user study will be published in a journal paper and a manuscript is already
prepared.
[27] Z. Shareef, P. Mohammadi, and J. Steil, “Improving the inverse dynamics
model of the KUKA LWR IV+ using independent joint learning”, IFAC-
PapersOnLine, vol. 49, no. 21, pp. 507–512, 2016, issn: 2405-8963. doi:
10.1016/j.ifacol.2016.10.653
Exchanging contact wrenches with the environment requires accurate dynamic
models which are often not provided by the robot vendors. Consequently, the
roboticists often have to resort to inaccurate models which in turn compromise
the quality of the final results. This paper leverages on the concept of indepen-
dent joint learning [116] to improve a reverse engineered dynamic model [26] of
the Kuka LWR-4+. This improved model is used in conducting the experiments
related to the body regulation in secondary contact context. The author’s
contribution to this paper is in conducting the real robot trajectory planning
and motion generation for data collection required for the independent joint
learning process.
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[105] M. Cognetti, P. Mohammadi, and G. Oriolo, “Whole-body motion planning
for humanoids based on CoM movement primitives”, IEEE-RAS International
Conference on Humanoid Robots, pp. 1090–1095, Nov. 2015. doi: 10.1109/
humanoids.2015.7363504
This paper introduced the notion of CoM movement primitives. The paper
contributed to this thesis in multiple places. Its walking pattern generation
was used as the test bed for the introspection of the architecture. Furthermore,
the generalized coordinate notation proposed by this paper was used for the
whole-body loco-manipulation context. The author had contribution to both
theoretical derivation and empirical aspects of this paper.
[70] M. Cognetti, P. Mohammadi, G. Oriolo, and M. Vendittelli, “Task-oriented
whole-body planning for humanoids based on hybrid motion generation”,
IEEE/RSJ International Conference on Intelligent Robots and Systems,
pp. 4071–4076, Sep. 2014. doi: 10.1109/iros.2014.6943135
The contribution of this paper is to promote a hybrid motion generation scheme
which uses random motion planning in the task space to create stepping motion
for humanoids. The base of the kinematic chain in this work switches between
the feet of the robot. This concept has been reused in certain experimental
aspects of the thesis. The contribution of the author to this work, similar to
the previous item, was both in theoretical and empirical aspects.
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